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ANNUAL REPORT ON

THEORETICAL AND EXPERIMENTAL STUDY OF
THERMOACOUSTIC ENGINES

Richard Raspet, Henry E. Bass, and W. Pat Arnott
Physical Acoustics Research Laboratory

University of Mississippi
University, Mississippi, 38677

ABSTRACT

Thermoacoustic engines can be used to pump heat using a sound wave (refrigerator or heat

pump) or pump a sound wave using a temperature gradient (prime mover). The basic arrangement

is a gas-filled acoustic resonator with appropriately positioned thermoacoustic elements. Two

types of thermoacoustic elements are used in these engines. The first type are heat exchangers

which are used to communicate heat between the gas and external heat reservoirs. The second type

is the thermoacoustic engine (TAE), also known as a stack. The TAEs are sections of porous

media that support the temperature gradient, that transport heat on the acoustic wave between the

exchangers, and that produce or absorbs acoustic power. Previous theoretical results in

thermoacoustics have been developed for TAEs with circular or parallel slit pore geometries. We

have developed a general linear formulation for gas-filled TAEs having pores of arbitrary cross-

sectional geometry. This analysis, which is very helpful in designing optimal engines, indicates

the parallel slit pore geometry optimizes heat and work flow. Included are an introductory section

where fundamentals of thermoacoustics are briefly discussed, a summary of our theoretical

analysis, acoustical measurements of an air-fidled thermoacoustic prime mover, and numerical

results, for a reently constructed helium-filled prime =.ovet.

INTRODUCTION

Thermoacoustics is broadly classified as the interaction of heat and sound. The branch of

thermoacoustics we consider is heat driven oscillations'of gas in a tube and thermoacoustic

transport of heat. The basic arrangement is shown in Fig. la where thermoadoustic elements of1
,/. , 1



heat exchangers and a TAE are shown in the gas-filled driven resonance tube. The plane wave

mode of the resonator is considered to be dominant and pressure and particle velocity have near

standing-wave phasing. This arrangement could be used to deliver acoustic power to the TAE for

heat transport from cold to hot (for low temperature gradients (TH - TC)/d) as in a normal

refrigerator. Thermoacoustic elements are sections of capillary-tube-type porous media as shown

in Fig. lb. Theory for the system is built from the model for sound in a single arbitrary-perimeter

capillary tube as shown in Fig. ic. Some pare perimeter shapes which have been considered are

shown in Fig. 2. Single tube radii are usually designed to equal the frequency-dependent thermal

boundary layer thickness &r for optimal performance. By removing the acoustic driver and

supplying a sufficiently high temperature gradient, the TAE produces acoustic power at the

resonant frequency of the system.

Observations of heat-driven acoustic oscillations date back to at least the eighteenth century.

Rayleigh1 gave a qualitative explanation well-worth quoting: "In almost all cases where heat is

communicated to a body, expansion ensues, and this expansion may be made to do mechanical

work. If the phases of the formes thus operative be favorable, a vibration may be maintained."

Acoustic oscillations were noted to frequently occur in a capillary tube filled with helium vapor

with one end of the tube at approximately 2 K and the other at room temperature and a qualitative

explanation similar to Rayleigh's was given.2 A full, linear, theoretical investigation of heat-driven

acoustic oscillations was performed first by N. Rott3 and was explored in a series of papers

starting'in 1969. Rott has reviewed this work.4

The reciprocal mode of operation, which uses a sound wave in a resonator to transport heat

from cold to hot as in a refrigerator, has also been of recent interest. This thermoacoustic

streaming has its analogy in acoustic streaming, which is the transport of mass by an acoustic

wave.5 Merkli and Thomann 6 found experimental verification for their theory of thermoacoustic

streaming in a driven resonance tube. Wheatley, Swift, Hofler, Garrett and others have developed

the notion that the arrangement shown in Fig. la can be viewed as a thermodynamic heat

engine.7' 3 Swift has expertly reviewed this work.9 'The thermodynamic heat engine point of view

2



enhances the understanding of thermoacoustics and is very helpful in evaluating practical devices.

The connection between Refs. 4, 6, and 9 has been briefy explored by Rot.t1 0 Other references to

the early history and practitioners of thermoacoustics can be found in the review articles. 4,9

A common approach for the theory of sound in porous media is to envision the medium as a

collection of circular capillary tubes.t The generalization to capillary tubes of arbitrary geometry

has recently been explored. 12 The equations and boundary conditions used in porous media

modeling and in thermoacoustics are nearly identical (thermoacoustics has an extra term

proportional to the ambient temperature gradient that occurs when evaluating the time rate of

change of the entropy). It was apparent to us that thermoacoustic theory should be cast in a

sufficiently simple form that analysis of pore geometries other than circles4 and parallel slits4 ,9

would be readily possible.

In particulbr, we have considered use of extruded ceramic monolithic catalyst supports (for

example, the ceramic used in some automobile catalytic convertors) for use in thermoacoustics on

account of their low thermal conductivity and regular squar-pore geometry. 13 This material has

main poms of diameter 1.54 mm. In addition, the walls of the main pores are porous as well, with

typical wall pores of diameter 25 gm. The frequency-dependent complex propagation constant of

sound in the square pore ceramic Was measured in related work. 14 The 'specific acoustic

inpedance of a 49 cm long piece was measured both before and after the wall pores were filled.

These measurements verified oir theory for sound propagation in porous wall porous media.15

The TAE used in the lecturedemonstration was a sample of this ceramic.

We have extended thermoacoustic theory to include the acoustic field quantities and the

second order energy flow for arbitrary perimeter pores. 16 Heat and work fTbw were compared in

the short stack approximation to investigate the effects of pore geometry. Once the acoustical

properties of the separate thermoacoustic elements have been determined the elements must be

connected in series inside of a resonator as shown in Fig. Ia. Numerical integration of the

acoustical equations is used to compute field quantities in the stack since in general a temperature

gradient exists from one end to the other.4' 9 The physical parameters of ambient density,

'i -. • . . .". ' ' . '. .. .3



viscosity, sound speed, thermal conductivity, etc, are temperature dependent and thus depend on

location within the TAE. Specific acoustic impedance and pressure translation theorems were

developed 1 6 to compute all acoustical field quantities and energy flow at each point in the

resonance tube shown in Fig. Ia.

THERMOACOUSTICS IN THE LAGRANGIAN

AND EULARIAN FLUID FRAMES

Figure 3a and 3b depict an inviscid gas parcel oscillating between solid parallel plates at the

extremes of motion in the Lagrangian frame. Heat transfer can usually be neglected in normal low

frequency acoustics. However, for parcels near solid surfaces heat exchange is likely to occur.

Standing wave phasing is assumed so fluid parcel displacement and pressure are in phase. The

plates have a temperature gradient along them in the direction of oscillation. The location for wall

temperature To is nominally the parcel equilibrium location. The magnitude of the temperature

gradient detrmines whether heat is transferred to or from the gas parcel The right end of the plate

faces a pressure antinode and the left end a pressure node. Consider first the heat pump operation

in Fig. 3a. The gas parcel ,is rapidly displaced lcft a distance d from equilibrium. During

displacement parcel pressure and hence temperature diminishes and expansion occurs. At the left-

urs. For a small wall temperature gradient, the parcel is now at a lower temperature than the

all so fieat flows from the wall to the parcel. After transfer of heat dQ' from the wall to the'

I, the parcel expands to the size shown by the shaded square and work is done by the parcel.

o the gas to the left. This work discourages vibration of the gas to the left since that gas is in the.

e tpansion part of the cycle. The parcel then is displaced to the right a distance 2d. Heat dQ is

tiansferred to the wall from the parcel, and the parcel shrinks to the size shown by the shaded

s uare. The parcel absorbs work from the gas to the right which is in the compressional part of the

a oustic cycle., Net beat is transported by the parcel from the wall at temperature To - AT to the

jall at temperature To + AT. It is now easy to see that heat from an exchanger at the left can be

4



transported;up the temperature gradient to a heat exchanger on the right and that ac-oustic power is

absorbed by the parcel.

Consider next the prime mover in Fig. 3b. The gas parcel is rapidly displaced left a distance

d from equilibrium. For a large wall temperature gradient, the parcel is now at a higher

temperature than the wall so heat flows from the parcel to the wall. After a'nsfer of heat dQ' from

the parcel to the wall, the parcel shrinks to the size shown by the shaded square and work is

absorbed by the parcel. This work encourages vibration of the gas to the left ,ince that gas is in the

expansion part of the cycle. The parcel then is displaced to the right a distance 2d. Heat dQ is.

transferred to the parcel from the wall, and the parcel enlarges to the size shown by the shaded

square. The parcel delivers work to the gas on the right which is in the compressional part of the

acoustic cycle, thus encouraging vibration. Net heat is transported by the parcel from the wall at

temperature To + AT to the wall at temperature Tq - AT. It is. now easy to see that heat from an

exchanger at the nght can be transported down the temperature gradient to a heat exchanger on the

left and that acoustic power is produced by the parcel.

Figure 4 shows the temperature disturbance for.AI-Q at a fixed coordinate system (Eulanan

frame) with y-axis as shown in Fig. 3b. The excess (or acoustic) temperature changes due to

pressure changes of the gas and conduction of heat to the walls. Th7e assumed boundary condition

for Y-:1 is that fluid and wall temperature are the same. The quantity shown is T(y)/Tad =

F(Y,XT) - I - cosh[(-i)112 XT Y / 2] / cosh[(-i)112 XT / 2], where Y = y/(2a) is a normalized

coordinate, XT = 2a (po00c 9/•)t12 = 23/2 a/8 is a normalized number proportional to the ratio of

the plate spacing 2a and thermal boundary layer thickness 81c; p0. c1,, and K are the gas ambient

density, isobaric heat capacity per unit mass, and thermal conductivity; and ca is the radian

frequency. 16 The case shown has XT a 3.2. The quantity Tad = (Y - 1) P1 /(13 PO C2) is the

acoustic temperature (driven by the acoustic pres"1tre PI) that would occur in the gas if no heat

transfer occurred as in normal adiabatic oscillation of sound waves (y is Cp/Cv, P3 is the coefficient

of thermal expansion, andoc is the adiabatic sound speed). The magnitude of the, excess gas

temperature nearly reach.,s the adiabatic sound value at Y = 0, and diminishes to zero at the gas.



solid boundary. The phase difference between excess temperature and pr.ssure occurs because as

the pressure inc-eases, excess temperature increases, aid particle velocity decreases (on account ot

stanciing wave phasing), heat is transferred to the wall, cooling the gas. The excess temperature is

a maximum at a time between maximum particle velocity and maximum pressure at a given

location. This time phasing between motion and heating is a common feature of heat engines. The

excess temperature for non-zero AT is modified by convective transport of gas and by gas

viscosity. 16 Analysis for the heat transferred into the wall when AT = 0 has been done. 6

Consider the single pore shown in Fig. Ic. Denote the first order acoustic variables as

follows: v(x,y,z) = vr(x,y,z) + vZ(x,y,z)i'is particle velocity, PI(z) is pressure, nl(x,y,z) is

density, and TI(x,y,z) is temperature. Ambient quantities are indicated by subscript 0. The

linearized fluid equations for constant frequency oscillations assuming a time convention exp(-icot)

are4 ,9.16

_j ) Plo vz(x,yz:) =-'d•-• + 11 VT2 vz(x,y,z), I

+(oz vz(=,yz~~y~)z,(1

-i ) P1(x,y,z) +- z- + Po(@) Vr.v¶(x,y,z) 0 , (2)

pl(xyz) -pO(z),PTi(x,y,z) + PI(z) (3)

- i eo p0(z) Cp TI(xy,z) + po(z) cp vz(x,y,z) Tz = -i eo J3 TO PI(z)+ K Vý2 T1(x,y,z) , (4)'

where the u"ansverse gradient and LDplaian operators are defined by V= a/ax a l. / 9'and Vt2

(a2/ax2 + a2/ay2), and 11 is gas viscosity. In order, these equations approximately express the

z component of the equation cf motion, continuity or mass conservation, equations of state for

density, and heat transfer. Except for the very important term TO, dTo/dz in Eq. (4), these are

6



the equations giver. by Zwikk*r and Kosten11 in their solution for the pr'opagation of sound in

circular pores. Equation (4) expresses hat the temnperature at a fixed position changes due to

motion of the ambient fluid, due to compression of the gas, and due to heat conduction. Boundary

conditions zre v(x,y,z)=G and TI(x,y,z)=0 at the pore boundary.

The time averaged energy fow to second order (subscript 2) ;s9,16

H2(z) =Q2(z) + W2(z) Qioss(z) (5)

whee time averaged heat flow due to hydrodynamic transport is

02z Ares$.' ,

-(z) •2 4 Re A (po cp Vz(xy,z) Tl*(x,y,z) - 1 T0 vz(x,y,z) P 1*(z)) dx dy; (6)

the heat flow by conduction down a temperature Vgwient is

QL-=(z) =Q". Ales ras T + (I1 - ') Arm tack Toz; (7)

and the time averaged work flow (or power) is

W 2 (z)=-T-Re- vz(x.y~z)PI"(z)dxdy (SY

Her Am is the cross-sectional ae of the resonance tube at point z, A is.the cross-sectional area of

a single pore, 12 is porosity, K 8 a and lstack ar the thermal conductivity of the gas and stack, *

indicates complex conjugation, and Re indicates the rea. part of the expression. The product

(fQ Am) is cross-sectional open area of the tube at position z.

7



Viscous and thenral boundary layer thicknesses are given by Sv = (2rn/cop0)1 /2 and 3C =

(2•.op0cp)Ic' 2. We introduce a dimensionless "shear wave number" X = R(pOco/il)l/ 2 or X 11,2

R/Sv, where R is a characteristic transverse dimension of the pore in Fig. Ic, and a dimensionless

thermal disturbance number XT = R(p0•oco/K) 11'2 or XT = 21/2 R/Sc. Use of the Prandtl number

Npr = Ilcp/K gives the relation XT = X Np"I12 . For defimiteness, take R to be twice the ratio of the

transverse pore area to the pore perimeter so for a circular or square pore, R is the pore radius.

Consider the newly named single pore transporr function F(x,y,X) defined by the following partial

differential equation:

F(xy;R) + T2 Vr2 F(x,y'X) =1 (9)

subject to the boundary condition that F(x,y,X) = 0 at the (arbitrary perimeter) pore wall in Fig. lc.

In anticipation of later development, averages over the pore cross-section, defined for example by

F(X) - A' I F(x,y;X) dx dy where A is the area of the pore cross-section; are taken. Acoustic

paricle velocity (1) and te• eramre (4) are given in terms of pressure and F by the relations

v1(x,y,z) dPl(z)=zXYZ i(OP0 dz '10

Tx' i.F(x,y',) P1 (z) - TO, F(x,y; XT) -Npr F(x,y;X) dP1(z)Tl~x~yPO = (P 3f0 o2' 1 - Npr ,d

The. equation for pressure is

wh)re 2 a(XXT) k(;,X ) 0,

where

8



- 4> (,- )-C.a) -1

a(XX ~T)=~ z( (XT)/F(k)- 1 13

wkrT) 2 1 - pand

k(XZT)2 1)- c2 F((1)

In the absence of a temperature gradient Tz =0 so ot(,XT) 0. The complex wavenumber in the

pore is then given by ± k which is the usual form found in porous media modeling. 1'

SPECIFIC ACOUSTIC IMPEDANCE AND'

PRESSURE TRANSLATION THEOREMS

1The specific acoussic impedance of an acoustical medium is equal to the ratio of the total

acoustic pressure and total particle velocity. The acozstc impedance is equal to the ratio of the total

acoustic pressure and the total volume velocity. For porous media the appropriate boundary

condition at a surface awe continuity of pressure, and continuity of volume velocity or equivalently

continuity of acoustic impedance. 16 Volume velocity is Are$ Vzb - 0 Ares Vz where Q is the

porosity, v2 is the actual particle velocity in a pore, and Vzb is the average volume velocity per unit

area of porous sample. In the analysis of thermoacoustic elements with many pores, vz is replaced

with Vzb/ 0 in all of the single pore equations. At boundaries between thermoacoustic elements,

P1 (z) and Vzb(z) or equivalently Z(z) = P(z) / Vzb(z) are continuous, where Z(z) is the specific

acoustic impedanc.

Rayleigh developed an impedance translation theorem for homogeneous fluid layers.17 The

impedance translation theorem relates the specific acoustic impedance at one side of a layer to that

at the other. In this manner one may apply the theorem as many times as necessary to compute the

specific acoustic impedance at any surface in the layered media. This translation theorem is

applicable to heat exchangers and resonator sections, but is not applicable to the stack because the

physical parameters such as density, sound speed, etm depend on z in r continuous manner on

9



M.
account of the temperature gradient. Impedance and pressure tran~slation theorems which take into

5 account the dependence of physical parameters on position were derived for the stack. 16 The

expressions are

=d~z i k(z) Zmnt(z) I z + 2 a(z) Z(z)., (15)

1 and

dz (16)

wvhere a(z) and k(z) are given in Sq. (13) and Eq. (14) and

5ia - ( PO0 (17)

3is analogous to the intrinsic or characteristic impedance of a porous medium. Expressions (15) and

(16) are a set of coupled first order differential equations Which can be readily solved using

I numerical techniques. The' well-known fourth order Runge-Kutta algorithm is a recommended

numerical method. With given values of P1 (z) and Z(z) at position z then pressure and specific

acoustic impedance are determined at zdfrom use of the algorithm Pi(z-d) =RK[Pl(z),Z(z)I and

3 ~Z(z-d) -a RKjZ(z)] where RK is symbolic notation for the Runge-Kutt algorithm.

For thermoacoustic elements not having temperature gradients (such as heat exchangers and

I ~sections of the resonAitor), Rayleigh's impedance translation theorem 17 can be written for porous

mediaas

Z(z) cos(kd) -i Zin sin(kd),3 Z~z-d) Zitfl cos(kd) i Z(z) sin(kd)

10



The pressure translation theorem is

Pj(z-d) =Pj(z) (os(kd) - zin sin(kd)) (19)

Heat and work flow are

A= 5 To Iiz12( 2 1 + Npr IZ(z)12 [Re (Z(z)* {FQ(%T)/F(k) + Npr})

T ~ PO Co 1 Im (F*OLT) + Npr F(%.))1 (TW(z,(0
3TO a c IF(;L)12  IlNp'r

and

A pt(z)12
Zz)2 Re Z(z) .(21)

HEAT AND WORK FLOW IN, THE SHORT ST -,CK
APPROXIMATION FOR VARIOUS STACK GEOMETRIE-S

The short stack approximation was devised by Swift4 to get an interpretable analytical

expression for energy flow using boundary layer theory. r'or arbitrary pore shapes, see Ref. 16.

Figure la shows the aragement for the short stack approximation. Heat exchangers retaken r

be of negligible thickness and thus not to affect near-standing wave phasing. The TAB (or snack)

of length d is assumed to be short enough that the empty tube standing wave is marginally affect,4d

The tepeatre difference between opposite ends of the TAB is -assumed to be much less than the

average temperatur at the TAB center so that the thermophysical quan~tities are approximateiy

constant and are evaluated at the average temperature. TAE porosiry is 0.



! With a rigid termination at z=O in Fig. Ia. specific acoustic impedance, pressure, particle

5! velocity amplitude, particle velocity, and particle displacement amplitude and particle displacement

at z are, from Eq.( 18) and Eq. (19),

Z(z) = -i p9 c cot kOz; (22)

1 and s P1 sO) szV() ~()

PI(z) = P1(O) cos koz , Vz(Z) = sin koz vz(z) ivz(z),

4(z)s v1Z(z) ,' (z) (23a,b,c,d,e)

0a)

£ where the wavenumber in the empty tube is ko, the x phase between pressure and particle

5 displacement is due only to the choice of the coordinate system in Fig. Ia, and the actual pore

particle velocity and displacement are shown. When z is less than one quarter of a wavelength,

Pj(z), vz(z), and 4zs(z) are all greater than zero. Use of (22) and (23) in Eq. (20) gives the heat

flow at the hot end of the stack,

T •z= Ar Pj(z) vS(z) T°n ,F,(T)/F0.)I
I-2 1 + Npr

1P0 cy QAres vz(z) Im(F*(,T) + Nyr F(X)} s TH -(4

'-) t(z), d
2 (1 2p2 (24))

The first term is due to conversion of acoustic power to heat and this heat flows (in the TAE)

towards the nearest pressure antinode. The second term is heat transported on account of the

I temperature gradient and this heat flows in the direction opposite to the positive temperature

gradient irregardless of the position of the stack in the standing wave. The terms preceding the

12



temperature gradient are kind of a dynamical coefficient of thermal conduction. The TAE acts as a

refrigerator when the first term is larger than the second. Denote by Toz = (TC - TH)/'d the

temperature gradient across the stack, and denote by r the dimensionless critical temperature

gradient ratio given by9,16

r= To c ran(kOz) -Toz - (25)TO Q• PTO c

In the inviscid approximation for which Nr =0 and F(0X) = 1,

isin(O)nozi
224) !A R L 1 TO 2 ) m F'(.T) (1 - n (26)POC2

Physically, the term Im F(XT) is a measure of the dynamical thermal interaction between the gas

and solid. If r<l eat is transpoted from cold to hot for 2k0z. <x. According to Eq. (26), stacks

made of pores foA' which Im F(*T) is a large value will result in the greatest heat flow.

Work flcw is given g&enrally by Eq. (21). No work is done in the region to the left of the

stack in Fig. la because in this region, pressure and velocity have standing wave phasing. To

compute the work done in the stack, use is made of the impedance translati.on '-•,.r.,rem to get the

impedance atthe right side ofthe s=L k 16 Denote by Va Arm0d the ambient volume of gas in

the TAE. After some v P on, work flow to rst order in kod is

W'2(z) Vo1z( y1) IM r(AT) V6~ V0 v2(z) IMr
"2 po C2  2 IF(X)t2

PI(z) vz(z) 0 (TH TO I -Npr (27)

13



|I
The first and second terms, always < 0, are dissipation of potential and kinetic energy per unit time

due to thermal and visccus diffusion processes. The third term, which is > 0 when the hot end

faces a pressure antinode, is the acoustic power produced on account of the temperature gradient.

When the third term is larger than sum of the first two, the TAE produces net acoustic power.

Work flow in the inviscid approximation is

"W2 (z) = - re Pl(0)2T 2( Im F*(XT) cos2(kOz) (I - F) (28)
PO Cp

TAEs made of pores for which Im FI(XT) is a large value will result in the greatest work flow.

Work and heat flow are to be compared for the various pore geometries shown in Fig. 2a-2d.

In the inviscid short stack approximation, pores with a la-ge value of Im F(X)* will have the

greatest heat and work flows as indicated by Eq. (26) and Eq. (28). According to Fig. 5, which

shows the real and imaginary parts of F(,) for the various pore geomeuties, the parallel plate

geometry has the largest value of Im Fo,)*. The value occurs for )c - 3.2 which allows one to

compute the optimal operating frequency from the relation le = (PO w cp / ic) l 2 R. In other words,

you can get about 10% more heat flow and work flow in thermoacoustics by choosing to make

your stack from parallel plates rather than the other pore geometries. The functional form of F(X)

for the various pore geometries is given in Ref. 16.

DEMONSTRATION AIR-FILLED THERMOACOUSTIC PRIME MOVER

The air-filled thermoacoustic source demonstrated during the lecture is shown schematically

in Fig. 6. Heat exchangers were parallel plates of copper and the TAE is a monolithic catalyst

support extruded ceramic. 13 15 The two-microphone-technique impedance-tube18 at the bottom

was removed'for the demonstration. The nominally quarter-wavelength resonator was capped at

the top with a rigid plate and was open at the bottom. Heat tape was wapped around the hot end

14



S(the region including the tube at top and the first heat exchanger) followed by heat insulation.

"Water was circulated around a jacket sttrrounding the cold heat exchanger. In this way, a

temperature gradient was established across the TAE. For sufficiently high temperature gradients,

5 (AT = 176 K) the tube produces sound at 116 Hz. The ambient temperature TC = 295 K. The

location z=0 is nominally a pressure node and particle velocity antinode so the specific acoustic

5 impedance (equal to pressure divided by particle velocity and abbreviated by SAI) is a relative

Sminima for frequencies in the viciniiy of the quarter wavelength resonance. All parts were made of

copper except the TAE.

SAI measurements were made as a function of the temperature gradient across the stack. The

real part is shown in Fig. 7 and imaginary in Fig. 8. Among other uses, these measurements are

3 helpful for evaiuating the possibility of using the prime mover as a sound source. 19 One

interpreation of Fig. 7 is, for example, that the plane wave reflection coefficient at 80 Hz and AT =

160 K is > I for waves incident in a tube of the same diameter as the prime mover but in the

5 location of the impedance tube in Fig. 6.20 Also shownas dashed lines in Fig. 7 and 8 is the

II expression for radiation impedance for a unflanged tube.21 The expression is Zrad(W) =

Spoc[(k 0 R/2)2 - i 0.6 k0R] where k0 - oalc. To determine the frequency of oscillation, we solve for

the value of a) such that the complex equation Zqad(o) - Z(O) measured at z=0. The operating

point AT u 176 K and fees- 116 Hz of the prime mover demonstrated is shown by the plus

I symbol in Figs. 7 and 8.

To validate the theoretical model, SAl, denoted by Z(z=O;wc) can be calculated at z=0 using

3 (15) and (18). Most generally, for arbitrary termination impedance Zend(ca,) at z=0, the frequency

of operation is detemined by setting Zend(Iw) - Z(z=0;o)c).22 Here a fes- - i rfrs/Q is the

UI complex eigenfrequency of the system where fm is the resonant frequency and Q is the quality

factor. Notice that me€ is a function of the tube geometry and of AT. The condition Q.--.

determines AT for onset of acoustic oscillation. The complex eigenfrequency has recently been

investigated for a helium or argon-filled prime mover where the resonance tube was sealed at z=0

by a rigid cap.23 A word of caution" For prime movers above onset, or for strongly driven

I!s
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thermoacoustic refrigerators, the temperature distribution from hot to Cold is not determined by (7)

alone 9, 16, and use caution when applying (7) to determine the temperature distribution for a non-

driven tube since thermal conductivities depend on temperature. The presence of the strong

I acoustic wave influences its thermal surroundings 8 by heat transport and in this sense the

thermoacoustic oscillation is an example of a self-interacting wave process.

£ With the impedancz tube removed in Fig. 6, measurements were made of the sound spectrum

produced by the prime mover. Figure 9 shows the spectrum for the onset temperature AT = 176 K

(the peak at 425 Hz was not produced by the prime mover) and for AT = 209 K. The ambient

3 temperature was 298 K. A Bruel and Kjaer type 4147 1/2" microphone was placed at z=0 in Fig.

6 for these measurements. The electrical power delivered to the heat tape was 220 watts. The

5 value AT = 209 K was the steady state equilibrium temperature gradient of the system where heat

supplied by the tape was balanced by the sum of the acoustic energy radiated away and dissipated

in the resonator, and the heat deposited at the cold heat exchanger due to thermoacoustic transport

3 plus normal heat conduction down the gradient. The acoustic power radiated at 116 Hz and AT =

209 K was estimated to be 0.25watts. Some of the applied heat energy goes into the acoustical

5 energy in the band near 116 Hz in the higher harmonics, and in ý- .idy DC circulation of gas

due to acoustic streaming5.2 that occurs out of the prime mover at tht. center and returns along the

walls.25 Evidence of acoustic streaming is indicated in Fig'. 9 where the generally elevated

I background level is due to flow induced noise. A flow velocity of 4 m/s was measured for the gas

exitin: the central part of the prime mover. It is noteworzy that the eigenfrequencies of the quarter

3 wavelength oscillator are given by, fm(2m+l) where m=O,1,... and the harmonics of the

fundamental due to nonlinear procestes 5 are given by fh - f1 a where n ; 2,3.... For example,

I the peak at 232 Hz does not correspond to any eigenfrequency of the tube, but is predicted by the

I analysis of strog waves in open tubes.5 Nonlinearities in closed thermoacoustic oscillators have

also been studie,26

£ Figure 10 shows AT - 209 K sound produced by the prime mover with the microphone in

the opening and 5.7 cm from the bottom (inside of the tube). At the inside point the sound

16
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Ipressure level is 145 dB, 116 Hz. The opening corresponds nominally to a pressure node, so the

I acoustic. pressure -cos(ivxJ2) where x is the distance from the top and L = 72.7 cm is the overall
length of the prime mover. Consequently the pressure at the top is approximately 8 times the level

at 5.7 cm inside,. or -163 d.B at 116 Hz. The tube radius R =4.32 cm is much less than the

acoustic wavelength = 297 cm at 116 Hi, so the prime mover mouth behaves as a point source of

Ispherically expanding wa ves.' Figure 11I shovs the sound pressure level for the fundamental 'at

116,Hz and its harmonics 5.7 cm inside the prime mover, at the mouth, and at distances away from

the mouth. Efforts to increase the radiation efficiency of the prime mover in a given direction

would result in more radiated acoustic energy and would need to be accomm odated by increasing

the temperature gradient.

In one experiment the sound production by the prime mover was suppressed and, it was

super-heated to AT =285 K, well beyond the minimal onset AT = 176 K. Figure 12 shows the

I time evolution of the super-heated prime mover. A microphone was placrd - !4 cm from the

I ~mouth for this measurement. The top figure shows the first 0.6 seconds. Uip to 1.4 seconds the

amplitude grows exponentially with time and beyond it begins to level off. The bottom ifigisre is a

peak detection of the maximal pressure amplitude, the beginnings of which is shown in the top

figure. Between 1.5 and 2 seconds the prime mover flutters as shown on the bottom figure and is

apparent to an observer. During this time the built-up heat in the hot end is used up by sound

Iproduction and thermoacoustic heat transpont down the t emperature gradient. After 2 seconds the

prime mover m-ke- a long tzransitoio to a steady-state pressure level and the temperature at the hot

Iend slowly diminishes to the steady, state equilibrium value AT 209 K. The time evolution of a

non superheated prime mover has been studied by Muller, et. al.27

I NUMERICAL RESULTS FOR A HELIUM-FILLED PRIME MOVER
Figure 13. is a summary of the UM thermoacoustic engine. Design criteria for this tube was

I that it would produce sound at as small a temperature gradient as possible given the constraints on

constbuetion of pars. After construction the TAE was put through tests to see if onset would occur
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and indeed it di. The tube was filled mostly with Helium to a pressure of 3 kPa. Appendix A

contains the programs used for the results discussed in this section.

Figure 14 shows the computed stability curve for the fundamental frequency near 308 Hz and

the 1st harmonic'near 605 Hz. Ambient pressure is the horizontal axis. Temperature difference

between hot and cold ends is on the vertical axis. For temperatures below the boundary between

stal le and unstable no gas oscillations occur. Thermal boundary layer thickness 8T

(2tpococp) 12 , a--/ 2 P0-1/2 where P0 is the ambient pressure in the tube. For fixed tube length

as in the UM TAE, the boundary layer thickness can be adjusted by changing P0. For low P0, the

boundary layer is much thicker than the pore size in the stack and heat exchangers so gas viscosity

chokes the flow. For P0 = 173 kPa the boundary layer thickness is optimal for thermoacoustic

effects and the lowest onset temperature of around 180 C occurs. One factor that greatly

contributes to minimizing the onset temperature is the location of the stack and heat exchangers

relative to the lengths of the hot and cold ends. When the elements are too close to the hot end gas

particle displacement is small so the required temperature gradient as computed' from . (25)

becomes prohibitively large. When you try to do work on the gzs it responds by changing

pr�c�s= hbt only a small particle displacement occurs. However as the elements move too close to

the center of the tube where a pressure node occurs the work done a, hes zero. When you try

to do work on the gas at this point in the standing wave the gas respon by undergoing a large

* displacement, but only a small pressure change occurs. Somewhere b en the 'pressure node at

the center and the particle velocity node at the end is an optimal locati for the location of the

elements. The optimal location is closer to'the end where particle veloci is less so that losses due

togas viscosity are minimal The UM TAE was designed to optimize the tion of the elements.

Since &r" ToO"8 orl/2 P0 -1/2 it seems odd at first glance that e minimum of the first

t harmonic would be at a higher pressure than the fundamental. The tern ature dependence is in

part due to ambient density and in part to thermal conductivity. Supposing there to exist an optimal

boundary layer thickness, then as to is increased, P0 should decrease o balance the equation.

However, there is no single optimal boundary layer thickness for the tu . Viscous losses can be
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defeated by aiming at thin boundary layers. The stack location in the UM TAE helps to minimize

viscous losses for the fundamental, but not the first harmonic. Additionally, particle displacement

is smaller at higher frequencies so the necessary temperature gradient JTOzl in Eq. (25) to make r >

I for onset increases. (The pressure in the standing wave changes from maximum to minimum

over a shorter distance as the frequency increases.) At a frequency double dhe fundamental, the

ambient pressure must diminish by a factor of 21/2 to get the same optimal boundary layer

thickness. But according to Eq. (25) the average temperature (TH + TC)/2 must increase by a

factor of 2.. To offset the temperature increase, the ambient pressure must increase by a factor of

20-8. Thus it is reasonable that the ambient pressure must increase by a net amount approximately

equal to 20.3 to achieve the bouncary layer thickness for optimal thermoacoustic pumping of the

wave. In oder to experimentally observe both modes, the TAE should be heated to a temperature

in the unstable region of the 1st harmonic ;ith the Q of the resonant cavity so low that there is-no

oscillation of the fundamental. When the Q is increased, both modes should oscillate.

Figure 15a is the I/Q curve for the fundamental and 1st harmonic for a pressure of 173 kPa.

When IIQ - 0 the TAE is at the perilous boundary between stability and instability. For AT above

the onset value 154.6 K for the fundamental, the time evolution of the pressure'fcllows the form

exp(7fOt/IQI) until nonlinearity becomes apparent. 27 The exponential growth factor for the

fundamental has a max imum at AT - 800 K. For higher temperatures the ambient temperature in

the hot end causes the ambient souna speed, which-is c a TO112, to increase. As a rough guide for

computing the resona frequency of the tube, note that resonance should occur for 2kOcL. +

2ko.%L." - 2x or alterma vely fo - 1/[2(L./c¢ LWch)] where Lc and cc are the lengths and sound

speeds of the cold seextc. Thus as ch increases we can view this as an effective shortening of'

the hot end, which puts the elements closer to a velocity node with concomitant decrease of

effectiveness. We can also understand the increase of the resonant frequency with temperature

shown in Fig. 15b from theequation for f0. Dispersion effects in the thermoacoustic' elements are

somewhat apparent in this figure in that the frequency of the first harmonic is not twice the
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fundamental. This difference is much more noticeable in the original nurmbers from which these

files were made.

GENERAL PRIME MOVER ANALYSIS USING

ENERGY BOUNDARY CONDITIONS

We have analyzed prime movers by assuming the temperature distribution in the stack from

hot to cold was simply of the form T0 (z) = Tocold + z(Tohot - 'ocoid)/d where d is stack length.

This assumption is generally invalid for two reasons. First, even fer temperature gradicnts below

onset, temperature dependence of the thermal conductivities of the ztack and gas cause the ambient

tepeatu distribution to differ from the simple form above. This is seen in Ref. 8. Treating the

heat flow like a electrical current, the applied temperature difference at both ends as voltage, and

the stack and gas as resistors, net resistance is the parallel combination of gas and stack. The gas

and stack can each individually be. considered series combinations of resistors with each resistor

bi-ing a locally isothermal section of the stack or gas. Just as most of the voltage is dropped across

the lgrgest resistor in a series circuit, the largest temperature gradient occurs n the stack where wJle

thermal conductivity is lowest. For gtses and many materials, thermal conductivity increases with

temperatum so the largest temperature gradients will be near the cold end of the stack. The second

reason that the assumed simple form. for the temperature distribution is invalid occurs for the prime

mover above onset. The heat flow equation (20) has a term prportonal to temperature gradient

and dependent on the product of pressure and particle velocity. This term is a dynamic coefficient

of thermal conductivity that depends on position and the square of the pessure amplitude.

For a given heat supply the prime mover can reach a steady equilibrium state. Heat supplied

at hie hot end is converted into acousuc energy and also transported down the temperture gradient

to the cold end. No heat is transferred from the stack to an external source or sink. Consequently

the energy flow on the left hand side of Eq. (5) H2 is a constant in the stack. Merkli and

Thomann, Ref. 6, showed that aH2/h is proportional to the amount of heat transferring to the wall

at location z, and the net heat ltmfering to the wall is naturally the integral over the same the wall

length in question. Swif!. 9 uses the fact of 1t2 constant to determine numerically the steady state
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equilibrium of the prime mover. The prime mover can be analyzed from a steady state perspective

as follows. Given boundary or initial conditions are: heat supplied at the hot exchanger, the cold

end temperature, and the ambient pressure in the tube.' Determine: The acoustic pressure,

temperature at the ho crnd, and the frequency of operation. Solution: Assume an acoustic pressure

at the rigid cnd. of the prime mover. Assume a hot end temperature and frequency of operation.

Use impedance translation to get the pressure and impedance at the hot heat exchanger, stack

interface. Compute H2 = heat supplied at the hot exchanger plus H2 computed from use of

equation (5). Since H2 is a constant in the stack, the value computed at the hot neat exchanger,

stzck interface is, the same throughout the st.Ack. Solve Eq. (5) for the temperature gradient and

numerically integrate impedance, pressure, and ttamperature through the stack to the cold end.

Here you must end- up with the temperature being equal to the cold end temperature: if not, then

some of the assumed quantities are wrong. Assuming that the loop has determined the correct

pressure and hot end temperature, the specific acoustic impedance looking into the cold heat

exchanger must be equal to the SAI looking down the tube towards the termination at the cold end.

xf not. then the frequency of opm_.tion must be adjusted and the code should start the whole loop

over. That impedance looking each way is the same simply occurs due to conservation of pressure

and volume velocity in the tube. An alternative approach, or at least a mechanism to use to check

for energy conservation, which has some merit is energy conservation. The heat entering the

system must be equal to the sum of heat leaving atthe cold end plus acoustic energy by !he first

law of thermodynamics.

SUNDERY REMARKS

A sexies of interesting fundamental investigations have been performed using a single circular

tube for which the thermal boundary layer thickness was appmximately equal to the tube radius.28"

31 Their basic arrangement was a tube closed at one end by a pressure transduce, and at the other

by varying transducers de-rnding on the particular situation' under study. The gaseous helium

filled tube was bent to a U-shape and the U-portion was immersed in. cold helium gas at
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temperatures in the range 4.2 to 45 K. 29 The hot end, was held at room temperature. They

iavestigated the stability curve of the second tube mode.,31 the stability curve of the fundamental

mode under a variety of conditions, 30 the universal properties of a thermoacoustic oscillator at the

intersection of the stability curve of the first and second modes,- 9 and the universal properties of a

driven thermoacoustic oscillator.28 On the practical side, .hermoacoustics refrigeration has been a

recent topic of investigation. 32-35 Traveling wave thermoacoustic engines utilizing the Stirling

thermodynamic cycle have also beamn of recent interest 36,37

Future work might include the following. Numerically simulate the Lagrangian picture of

thermioacoustics including viscosity and temperature gradients and a' variety of capillary tube

shapes. This would enhance the intuitive understanding of theimoacoustics and would possibly

lead to new designs for thermoacoustic elements. Construct and analyze a prime mover where the

tubes have increasing radii from the cold to hot end so that the optimal thermal boundary layer

thickness (which is temperature dependent) is achieved at all positions. Theory indicates variable

tube radii should lead to more efficient operation. 34 ,38 A major effort could be expended in both

theoretically and experimenta/ly determining the role of acoustic streaming5 in thermoacoustics.

The present theory24 of thermoacoustic streaming is only a boundary layer theory. Someone

should build and investigate more thoroughly the radial-wave thermoacoustic engine.9 A

comprehensive design program could and should be written for thermoacoustic engines, given the

present state of theoretical der. -Aopment. Stability curves like the type described in Refs 28-31

could be determined for arrangements more typical of practical devices such as that shown in Fig.

1. We have recently completed construction of a minimal ATonset closed helium prime mover

system which is fully instrumented and will be analyzed in the near future. Much of the numerical

work for this system has already' been done.

Swift has recently suppFcd me with a drft of a paper on the performar,:e of a large

thermoacoustic prime mover.3 9 , In it he establishes a first crack at the mature stage of

thermoacoustics. Though we all know nonlinearity is a gene-al frontier at the moment, Swift and

to some extent Muller25 were first to establish calculation techniques in thermoacoustics. As Ralph
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I Goodman once said, and I paraphrase, linear acoustics is women's work. He was paraphrasing an

5 Englishman himself. However, after viewing the work of women at the Univ. of Texas on

nonlinear acoustics, I think his statement should have"women's" replaced with "wimp's". One

5 obvious feature of prime movers is that the large acoustic amplitudes result in harmonic

production. Swift treated the 1st harmonic as being due to a source at the end and included the

I the-moacoustic effects in a calculation. I see no reason, other than wimpdom, to quit at the first

harmonic. One must first learn how to compute the' amount of harmonic produced for a given

fundamental. Then with a stead fast relation between harmonics and the fundamental, the overall

5 system can be treated much in the same manner as approached by Swift. He neglected the effects

of the acoustic wind (or streaming) in his calculation, but some accounting of the energy consumed

by it should be possible. Though my statements here are very sketchy, Swift's work 39 indicates

this is an approachable frontier area of thermoacoustics. He finds satisfactory agreement in almost

all cases when linear thermoacoustics is valid. It is necessary to understand the nonlinear problem

3 if one wants to design practical high power thermoacoustic engines.
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FIGURE CAPTIONS

3Fig. 1. a) Generic arrangement used in thermoacoustic heat engines. b) An exposed view of a
thermoacoustic element consisting of a parallel combination of square capillary tubes.
c) cA single arbitrary-perimete capillary tube for use in a thermoacoustic element.
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W Fig. 2. a) Parallel plate, b) circular, c) rectangular, and d) equilateral triangular capillary tube
geometries.

Fig. 3. Lagrangian view of a fluid parcel in a standing wave near a boundary.

• Fig. 4. Magnitude and phase of the excess temperature between parallel plates.

Fig. 5. Real and imaginary part of the F(.) different pore geometries.

Fig. 6. Demonstration thermoacoustic oscillator and analysis impedance tube.

Fi,;. 7. Real part of the specific acoustic impedance at the mouth of the prime mover.

Fig. 8. Imaginary part of the specific acoustic impedance.

SFig. 9. Prime mover sound spectrum for onset AT = 176 K and a higher AT = 209 K.

Fig. 10. Prime mover sound spectrum for AT = 209 K in the mouth and 5.7 cm' inside of the
Sprime mover.

Fig. 11. Spectral peakb as a function of distance from the mouth of the prime mover.

Fig. 12. Time evolution of the superheated prime mover.

Fig. 13. Scale drawing of the constructed UM helium filled prime mover.

Fig. 14. Stability curves for the fundamental and first harmonic for the UM TAE.

3 Fig. 15. a) Quality factor and b) resonant frequency for the UM TAE with ambient pressu.e 173

kPa
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APPEN'DIX: FORTRAN PROGRAM FOR ANALYSIS OF THE UM TAE
EXECUTION FILE FOR THE TH-ErlMOACOUJSTIC ENGINE CODE. THE CODE
TS ON MY ACCOUNT ON THE IBM 3084. CMS OPERATING SYSTEM
MACHINE. ACCESS, LOGIN PAARNO'T., PASSWORD FROGGY.

&TMEN~nM~hMO~nMA~RLEW~UCHDEM~EA

VMFCLLAR
COPYFILlE &I PARAMS A TWMO PARAMS A (RtEPLACE
~EC GLOSAL.S
FLMEP I DISK T DATA A
FILEDEF 2 DISK TEMP PARAMSA
FILEDEF 15 DISK PRESS DATA A (RECFM V
FMLEDEF 16 DISK WORKFLJOW DATA A (RECFM VI, FLEDEP 17 DISK HEATIFLOW DATA A (RECFM V
FILEDEF 18 DISK IMýPEDD DATA A (RECFMV
FILEDEF 19 DISK IMPED DATA A (RECFM V
FILEDEF2O DISK ENTHALPY DATA A (RECFM V
FILEDEF 21 DISK WORXDRIV DATA A (RECFM V
FMEZDEP27 DISK QUALREC DATAA
FILEDUa'2S DISK RESFREQ DATA A
FILEDEF 9 DISK QUALFACT DATA A
FL.EDEF 30 DISK PlOVSDTr DATA A
FILEDEP 37 DISK QUALREC DATAEIGA
FILEDEF 38 DISK RESPREQ -DATAEIG A
FIl.EDEP 39 DISK QUALFACr DATAEG A
FILEDEF 41DISKTI= DATA A
FILEDEF 42 DISK REIMPED DATA A (RECR V
FILEDEP 43 DISK LMIMPED DATA A (REFM V
FILEDEP 44 DISK STABCURV DATA A (RECFM V
0 PROGRAM MOR COMPUTING PROPAGAT1ONI CONSANTS-
LJOADTA&TL( CLARNOMIAP START
*GENERAL PROGRAM FOR COMYUTING PJIEATWORL
OLOADTAEHE2 (CLEAR NOMAP START

0 GNERL POGRM.FINITIEDIFF IN STACY, FOR ClOMPU`TING ZP.HEATWORK.

s GENERAL PROGRAM. FINITE DIff IN STACK FOR COMPUTING Z,PHEATWORK.
$ GAS ABSC)RF1IO IS INC..UDED INTHE OPEN TUBE sCTIoNS
*LOAD TAEHE3V2 (CLEAR NOMAP START
0GENERAL PROGRAM. RUNGE KUTTA IN STACK, FOR COMPUTING ZP.HEAT WORK.

ILJOADTAERUNGE (CLEAR NOMAP START
0 GENrA4L PROGRAM. RUNGE KUITA IN STACK, FOR COMPUTIG zpxiEATwoRK.
0 CAN ALSO COMPUTETRAVEUNG WAVEL SOME-WHAT OVIIMUED.

GNRLPROGRAM FOR COMPUiGTINGFRO COPJWTOL BSDO XDABA
*LDDTAH64(CLEAR NOMAP START

0 PROGRAM FOR COMPUTIN THE Q FROM COMPLEX EIGENFREQUENCY.

* USES INPUT PROM TAEHM AS INPUTTO STAtT THINGS OFF WITH.
nLOADTAMMB~ (CLEAR NOMAP STARTI ~ *ALL RuNGE.KurrA. PROGRAMSABOVE HERE ARE NoT CORREctED
*PROGRAM FOR COMPUTING THE Q AS A FUNCTON oFIeMEATURm IN AN EASY
0 WAY. USES RUNGE KUTTA LN'TEGRATION.3~ *SBCOND PROGRAM IS A COMPLM NUMBER VERSION TO CETTHE COMPLEX EIG FRF.

OLDD TEAU CLEAR NOMAP START
WAD TAECAIO ( CLEAR NOMAP START
0 VERSION OF TAECAUTO FOR AIRt FILLED TUBES.
0LOADTAECAIR (CZEAR NOMAP START

I MPLT IQ NDRE VERSUS LAMBDA. USING TAECAIR, FOR A PRMEMOVERL
o LDAD TAECBALT( CLEAR NOMAP START
S TAEO~aONT PROGRAM BASED ON TAECAUTO COMPUTE THE Q AND RESFREQ FOR
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*"THE MONTEREY TUBE TAKES INTO ACCOUNTTHE DEF'NDENCE ON TEMPERATURE
* WHEN COMPUTING THE THERMAL CONDUCTIVITY OFTME STACK.
$LOAD TAECMONT (CLEAR NOMAP START
"* UMTAE FORTRAN: PROGRAM FOR DESIGN OF THE UMTAE. USED TAECAUTO AS THE
" STARTING PROGRAM.
*LOAD UMTAE (CLEAR NGMAP START
"UMTAECH: CHECK OF UMTAE WITH MONTEREY DATA
iLOAD UMTAECH (CLEAR NOMAP START
"0 PROGRAM FROM TAECBALT FOR COMPUtTIN THE RESPONSE OF THE DEMO TAE IN AIR
*LOAD TAEAIRD (CLEAR NOMAP START
* UMTAEV2 FORTRAN: PROG FOR DESIGN OFTHE UMTAE. USED TAECALTO ASTHE
- STARTING PROGRAM.
LOAD UMTAEV2 (CEAR NOMAP START

ERASE TEMP PARAMS A
ERASE FILE SCRATCH A
FILEDEF *CLEAR

STAE PR FELE. ACTUAL #S OF THE UMTAE TUBE.
TAE PARAMETER FLLE ACTUAL #S OF THE UMTAE TUBE.

DEFINE THE TUBE FROM RIGHTTO LEFT. AT LEFT ONE USUALLY HAS THE DRIVER.
MINIMUM FREQUENCY, MAXIMUM FREQUENCY, (HZ), AND NUMBER OF FREQ. POINTS.

250.000 400. 300
TERMINATION ATTHE RIGHT END OFTHETUBE.
ONE OF RIGID, FREE, OR INFIN. INFIN IS AN INFINTTE TUBE.

RIGID
AMBIETPRESSURE IN THETUBE ANDTHE DRIVER PRESSURE AMPLTUDE FOR ALL'
FREQUENCIES. PRESSURE IN PASCAL. DRIVER DISPLACEMENTIN METERS.

3.o000 I.D-8
NUMBER OF SECTIONS IN THE TAE. E.G. AN OPEN SECTION, RGH HEAT EXCH,
STACK, LFXT HEAT EXCHI, AND ANOTHER OPEN SECTION WOULD BE S. INTEGER.

DEFINITION OF SECTION 1
SECTIONTYPE. ONE OF OPENTU, HEXCU OR STACK.

OPENTU
ELEMENTTYPE. HAS MEANING ONLY FOR HEXCH OR STACK SECTION TYPES.
ONE OF RECT. CYL, OR SLIT, DEFINING THE TYPE OF PORES.

SLIT
NUMBER OF LAYERS THIS SECTION IS BROKEN UP INTO.
14a NUMLAY =m 100 PRACTICALLY.

1
LENGTHOFTHESECTION.
M]ETERS.

23.07D-2
TEMPERATUREOFTHE RGH END OFTHE SECTION. FOR AN ISOTHERMAL.SECTION
SUCH AS OPEN TUBE OR HEAT EXCHANGERS, USE TRGH ' TLEFT. KELVIN.

TEMERATURE ATTHE LEFTEND OFIIE SECTION.
SEE NOTE ABOVE. Kf•LVIN.

RATIO OF 2 PORE AREA TO PORE PERIMETER (M). FOR: CYL=RADIUS, SLITr
WIDTH, .REC2SW A/(I+A) A>'1sSIDES ASPECT RATIO, SW=SHORTESTSEMIWIDTH.

42SID-2
ASPECT RATIO OFTHE PORE. VALID FOR RECTANGULAR PORES ONLY.
NECEARY AS AGENERALRRULF,

POROSITY OF THE SECTION. FOR OPEN TUBE, USE POROSITY a I.
FOR OTHER TYPES OF SECTIONS, POROSITY <al1.

I.Do

END OF SECTION 1. o
DEFINITION OF SECTION 2 o
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I

3, SECTION TYPE, ONE OF OPENTU, HEXCH. OR STACK.
HEXCH

ELEMENTTYPE. HAS MEANING ONLY FOR HEXCH OR STACK SECTION TYPES.
ONE OF RECT, CYL, OR SLIT, DEFINING THE TYPE OF PORES.

SLIT
NUMBER OF LAYERS THIS SECTION IS BROKEN UP INTO.

I<c NUMLAY <= 100 PRACTICALLY.:5 I
LENGTH OF1'HESECTION.
METERS. 134-I ~1.814D--2
TEMPERATURE OFTHE RGH END OFTHE SECTION. FOR AN ISOTHERMAL SECTION
SUCH AS OPEN TUBE OR HEAT EXCHANGERS. USE TRGH = TLEFT. KELVIN.

293.
TEMPERATURE ATTHE FT END OFTHE SECTION.
SEE NOTE ABOVE. KELVIN.

293.
RATIO OF 2 PORE ARE TO PORE PEVEE (M). FOR. C'YLRADIUS, SLIT=
WIDHRwr.2•sw A/(I÷A) A.•I --.5DF.SAspECTRATIO.sw--.sHORTEsT SEmIWDT.1.18 --
ASPECT RATIO OFTHE PORE. VALD FOR RECTANGULAR PORES ONLY.
NECESSARY AS A GENERAL RULE. ASPECT RATIOs I ALWAYS.

1.0DO
POROS•TY OF THE SECTION. FOR OPEN TUBE, USE POROSITY = 1.

FOR OTHER TYPES OF SECTIONS, POROSITY c=1.
.64D0

END OF SECTION 2.. *o*eoeoo e,*ooeoe eee
• **Gl DEFINITION OF SECTION 3 *********e*****,****o****** eo
SECTION TYPE, ONE OP OPENTU. HEXCH, OR STACK.

STACK
ELEMENTTYPE HAS MEANING ONLY FOR HEXCH OR STACK SECTION TYPES.
OE OF RIECT, CYL, OR SU.r DEFWn TH TYPE OF PORES.

IRECT
NUMEER OF LAYERS THIS SECTION IS BROKEN UP INT.
km NUM.AY cm 100 PRACTICALLY. (WAS 20 AT ONE TIME)

25
LENGTH OFTHESECTION.
METERS.

S.AID-2
TEMPERATURE OFTHE RGH END OFTHE SECTION. FOR AN ISOTHERMAL SE(TION
SUCH AS OPEN TUBE OR HEAT EXCHANGERS USETRGH =TLEFT. KELVIN.

293.
"EMPERATURE ATTHE LEFT END OFTHESECTION.

SEENOTE ABOVE. KELVIN.I 293.
RATIO OP 2 PORE AREA TO PORE PERVAM (M). FOVR CYL=RADIUS SLIT*

WITH•REC.2SW A/(I÷A) AM1SlDES ASPECT RATIO SWSHORTFT SEMIWIDH.
.77D-3

ASPECT RATIO OFTHE PORE. VALID FOR RECTANGULAR PORES ONLY.
NECESSARY AS A GENERAL RULE. ASPECT RATIO o I ALWAYS.1.000

POROSrfY OF THE SECTION. FOR OiLN TUBE, USE POROSITY. 1.
FOR OTHER TYPES OF SECTIONS, POROSITY. m1.

I END OF SECTION 3. of eooeo DEFINITION OF SECTION 4 o *oo o Soeooo*

SECTION TYPE, ONE OFOPENTU, HEXCH. OR STACK.

HEXCII
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I

ELEMENTTYPE. HAS MEANING ONLY FOR HEXCH OR STACK SECTION TYPES.
ONE OF RECT, CYL, OR SLIT, DEFINING THE TYPE OF PORES.

SLIT
NUMBER OF LAYERS THIS SECTION IS BROKEN UP INTO.
14= NUMLAY <= 100 PRACTICALLY.

I

LENGTH OFTHE SECTION.

I1.638D-2
TEMPERATU5 E OFTHE RGH END OFTHE SECTION. FOR AN ISOTHERMAL SECTION

SUCH AS OFEN TUBE OR HEAT EXCHANGERS, USE TRGH = TLEFT. KELVIN.
293.

TEMPERATURE ATTHE LEFTEND OFTHE SECTION.
SEE NOTE ABOVE. KELVIN.

293.
RATIO OF 2 PORE AREA TO PORE PERIMETER (M). FOR: CYL..RADIUS, SLIT=
WIDTH, RECT=2SW A/(I+A) A> I=SIDES ASPECT RATIO, SW-SHORTEST SEM[WIDTH.

1.118D-3
ASPECT RATIO OFTHE PORE. VALID FOR RECTANGULAR PORES ONLY.
NECESSARY AS A GENERAL RULE. ASPECT RATIO = I ALWAYS.

1.0D0

POROSITY OF THE SECTION. FOR OPEN TUBE. USE POROSITY = 1.I FOR OTE TYPE.S OF SECTIONS, POROSITY cm 1.

"***** DEFINITION OF SECrION 5 ************* *
SECTION TYPE, ONE OF OPENTU, HEXCH, OR STACK.

OPENTUELEMENTTYPE. HAS MEANING ONLY FOR HEXCH OR STACK SECTION TYPES.
ONE OF RECT, CYL, OR SUT, DEFINING THE TYPE OF PORES.

SLIT

NUMBE OF LAYERS THIS SECTION IS BROKEN UP INTO.

LENGTH OPTHESECTION.
METERS.

1.29
TEMPERATURE OFTHE RGH END OFrTHE SECTION. FOR AN ISOTHERMALSECTION
SUCH AS OPEN TUBE OR HEAT EXCHANGERS, USE TRGH = TLEFT. KELVIN.

293.
TEMPERATURE ATHE LEFT END OPTHE SECTION.
SEE NOTE ABOVE. KELVIN.

293.
RATIO OF 2 PORE AREA TO PORE PVFAM (P,). FOR: CYL-RADIUS. SLIT-
WIDTH, RECr.2.w A/(I+A) A>W•IES ASPECr RATIO, SW-SHOR7TSrSEMAIWD

4.261D.2
ASPECT RATIO OFTHE PORE. VALID FOR RECTANGULAR PORES ONLY,
NECESSARY AS A GENERAL RULE. ASPECT RAT10 I ALWAYS.

1,ODO
POROSITY OF THE SECTION. FOR OPEN TUBE, USE POROSITY- I.
FOR OTHER TYPES OF SECTIONS, POROSITY -c 1.I~.•9•D0

END OF SECTION S. ********** * * * *
FORTRAN CODE FOR THE UM TAE
The main program is the only part of this program that is specific to the UM TAE.

"*SUBROUTINE SEI"VAL * GErT THINPUir PARAMETERS FROM AN FXTERNAL F!LE*.

SUBRTTINE SETVAL,
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3 VARIABLES WHICH DEFINE THE TAE.
CHARACTER*70 SECTIIRYP 0ETYPE(lOO),TERMIN
INTEGER NUML.AY(100).NTJMSECýNUMlFRE
RzEALOS DELEM(IOO).TRGH( IOO),TLEFT( ioo),RATio(100)
'.ASPECr( 100),POROS( 100),

* THCOND(I0O)HXECAP(100),PAMB.FRMIN,pWREMADDRIVE

CHARACTER DUMMY
COMMON IVARSIl SECTYPrtTYEERM[N
COMMON /VARS21 NUMLAY.NUMSECTJMFRE
COMMON /VARS3/ DE .MTRG HTLEFT.RATIO.
*ASPEr.OSTHCONDJECAP.PAM[,plMMINR4XDRIVE

I IVRMAT(Al)
2 FORMAT (A70)

I ~ ~~READ (2.') DU EMMY FEAXNM3 ~READ (22) TDUMMY
READ (2,1) DUMMY

READ (2.1) DUMMYI ~ ~READ (2.') D AMMY DRV

READ (2.1) DUMMY
READ (2,1) DUMMY

READ (2.') NtflMSEC

DO I0J..NUMSEC.1,.1

CALL NOPAD=Pr)
READ (Z2) rITMYPE

READ (2.2) NUMLAY(J)
READ (2.1) DUMMY
READ (2.1) DUMMY

READ (2.') NUMLAY4Q)
READ (2,1) DUMMY
READ (2.1) DUMMYUREAD j3') 9HQIA)
READ (2,1) DUMMY

READ (2.') 1TRT(J)

READ (2,1)RDUMMY
READ (2.1) DUMMYI READ (2.') ASPECTQ)

READ (2.1) DUMMY
READ (2.1) DUMMYSI READ (2.') APOROS(J)
READ (2.1) DUMMY

THCQND(J)-O.D0
10 HECAP(rJ-O.OCO0

REWIND 2

RETU.RN'
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*SUBROUTINE NOPAD*GETS RID OF BLANKS IN NAMES

SUBROUT~INE NOPAI(14AME)

CHARACTER*7O OLDNEW,NAME

U ~EQUIVALENCE fNEWN(I))
OL.D.NAME
NEW-'

DO 10I1-I.70

IF (0(1) .NE. ) THEN
J-J4.I
N(J)-OMl
END IF

10 C!ONTINUE
NAME-NEW

I * ~~SUB;;OZJIN WFLOW * COMPUTE THE WORK FLOW AT Z ~*
SUBROUTINEWFLOW(PI.ZW2)
REAL S W2Li COMPLEXI16 PI.Z
W2..CDABS(P1)0-2 0 DIMAGM(0.D0,.DOGiZ / 2.DO

RETURN

* suE~OUTD4EQFLO)W 0 COMPUTE THE HEAT FLOW ATZ. ***
* 1 HAVE ASUEDI COEFFICIENT OF OP1tMAL EXPANSION BErAwIITW. '

SUBROUTINE QFWOW(POROS.P ZR.PAM[.FLAMlT.`WDENST!ZKGASJCSOID.Q2)

CVMPLEX16 P12YFAMFLAMT.W

Q2-PROSCDABS(Pi)-CDABS(PIV2.]D0I ~Q4.Q2*DIMAG((OM.D01.D)0(DCONJG(RAMT)/FLAM-I .DO)/
* (POROSOZ(IJDO.NPI)) -

= * DENS'* CPO(FLAMONPR +DCONJG(F.A~fl)/S * (POROS002 0 W*(CDABS(FLAW))-2*(1.D0-NPR'*2)))-
* I Z(POROSKGAS + (1.D0-POROS)OKSOUID)
RETURN

.1 *0 SUBROU11NE DERIVS * COMPUT THE DERIVATIVES MM AND DP/M FRR
6 THE1 RUNG13KUTTA 'WVRI

SUBROUTME DF~i=AWFTALIPZDPDZX=I OOMPLEXO 16 2ZrTA rALPRIMPZDPDZDZDZJ.FACFAC2

PAC .ZrZ~rr
PAC -(IDO - FACOPAC)LI. FAC2 a I0 * TA * 7T9
DZDZ a FAC2 $ PAC + 2.0O0 *ALPftIM * Z

"* FAC -I* ZEA * MW -Z*ZrZZN
"* DmZDZaAC + LIX ALPRIM Z

DPM a PAC2 P/Z
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* SSUB STAKPM *GET THIE MANY PARAMETERS WHICH ARE TEMPERATURE DEPENDENT
' IN THE STAK. USED FOR RUNGE KurTA INTEGRATION.
* THE STACK IS ASSUMED TO HAVE POROUS WALL.&

SUBROUTI4E STAKPM(EPEWPOROUS,PAMB,TTCZDeNS,R'aTOASPECT,%
* FLKFAM'-EALPRIM21N
CHARACTMROM ETYPE
REAL`$ ftROUSPAMB.TTZ.D=ENSRA1IO,ASPECT
COMPLEX' lb F1AMtAM~rAALPRIM.ZXT,wLAMBDALAMBDT

* POROUS WALL VARIABLES.
REALOS PORTCTrPORWAL.DWALJ 4WFACr
COMPLEX4 16 XI

* SUPPORTING ROLE VARIABLES.
REAL*$ SSPEEDVTSC-CPNPRGAMMA
COMMON /PHYCON/ GAMMA.NP!CP

# SETTIE POROUS WALL. CONSTANTS FOR THE EZ) CELL CERAMIC.
* TO TURN OFF THE POROUS WALL CALCULATION JUST LET XI- LDO BELOW.

POR WAL 0.49D0
DWALL- 100D4
Pori 0 1 - I2OROUS*(I.DO + 2.DOPORWAL*DWALIrRATlO)
WFAcr a GAMMAO(PORT-TPOROUSyi(=.O*POROUS)

* BEGIN
CALJLVDCHET.AMByILSCDIe4S.sSPEKGA
CALL CEll A?4(DNSVISWRATICaLAMBDA)
LA1MWDT - DSQRT(NPR) * LAMBDA
I (ErYPLEQ.MRECT`) THEN
CALL FREMrASPECTLAMBDA.RAM)
CALL RCTASPECL&MBDITLAT

a.SE IF (ETYPE.EQ~tYL) THEN
CALL CYLLAMBDAYLAM
CALL FCLLAMBDTJLAMT)

E= IF(ErtPEQ"= THEN
CAL a~XAMIBDAXLAM)

CALL FSnAMBDTXLAw

CALLWNHEX(FLAMTFAMw,,SSý.ZTA)
*~r DENS*W / (POROUS * FLAM 0 ZETA)

Ja - GAMMA.- (GAMMA-IMMO)FLAMT
)aaI.IDO.+WPAC.TIXI

ZETA - ZETA 0 )a

ALPRD~-TCZ0(R.AMT / RANo- I.DOM 2DOT *(I.DO - NPR))
RETURN
END

* SUBROUTTINE PIAN 0 * OTHE VAPEANCE TRANSLATION THEOREM 00

* *DO ALSO 1IE PRESSURE TRLANSLATIO THEOREM '

* FIUS VEL90N IS FOR THE IMAT EXCHANGERS AND OPEN TUBE SEC"TIONS.

SUBROLINE ZRAN(=NT.SN.CSZZMDPI.PIMDY-
COMPLEX016 DZMfNSN.CS.CTPI.PIMD.FAC
CT -CS /SN

ThmD a 2wT * (CT . (ODO, 1.DM'AC )I
* (PAC*CT - (O.DO,1.DO))
PIMD w P1 0 (CS - (0.00,1I M) * FAC' 54)
REVn"
END

*SUBROUTINE 23UGID IMP?.EDANCE OF A RIGIDTERMINATION.
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SUBROUTINE 231GTE(DEN$.SSPEEIXVISCWZ)
REAL*$ DENSSSPEED,VISC,,NPR.GAMMACP
COMPLEX016 7.W.FAC
COMMON /PHYCONi GAMMA.,NPRCP
FAC - CDSQRT( DENS SSPEEDO-2 / (WOVISC))
Z - (1.DO,1.DO)*DENS*SSPEEDOFAC-DSQRT(NPR)/(DSQRT(2.DO)-(GAMMA -

0 .ODO))
RETURN.

*SUBROUTINE WNTUBE ** WAVENUMBERS FOR WAVES IN THE OPEN TUBE PARTS.

SUBROUTINE WNTUBEaLAMBDA, W-, SSPEED. K)
REAL*$ SSFEEDGAMMA,,NPR.LAMBDA.PAC1,CP
COMPLEX*16 &.W
COMMON iPH YCON/ GAMMA,,NM~CP
FACI - ( I.DO + (GAMMA - I.DO) / DSQRT(NPR) ) /DSQRT(2.DO)
K - WSSPEED(1.DO +(I-DOI.DO) 0FACI /LAMBDA
RETURN

*SUBR~4tMNE FT`UBE 0 COMPUTES FRtAMBDA) FO)R THE RESONANT TUBE.

SUBROUTINE FTUBEFLAMBDA.PAM)
COMPLEX016 LAMBDAFLAM
FLAM - IDO -(1.MO,-MO * DSQRT(.DO)I/ LAMBDA
RETURN
END

*SUBROUTINE WNHEX 0 WAVENUMBERS FOR WAVES IN THE HEAT EXCHANCLERS.

SUBROUTINE WNHEXCPRAMT, RLAM, W. SSED J K
REAL*$SSPEEDoAMAX04AMCP
COMPLEX016 FLAMTYLAMJLW
COMMON /PHYCOW GAMMA.NPU.CP
K -W/SSEE 0 CDRT( (GAMMA - (GAMMOA,- 1.0 FLAMT)/ RAM)
RETURN
END

*SUBROUJTINE VDCHE 00VLCSC17Y, DENSITY, AND SOUND W~OF HELIUM-
*AS A FUNCflON OP UTEMEATURE AND AMBINT PRESSRL.ALSIOTHETHERMAL
CONDfLcnin.

SUBIROUI~fNE VDCHE(TABS, PAMB, VtXC. DENS1. SSPEMXGA.-)
REALO TABS,.PAMBVTSC.DENSSSFX,GAMOAMANRCPJCGAS
C~.oG4ON /HIYCOWI GAMMANPRCP
DENS w PAMB 0 4.00-3 / (TABS * L3.14300)

*MY EXPESSION FOR VISCOST.
VISC a 1.1471-5 * (TABS / 273. 1=DO)0.6S67DO

*MY EXRSSO FOR THERMAL CONDUJCTIVITY: NPR -, CONTANT.
KOMS a VISC * CPI NPR

*SWWrS EXRFSSION FOR VISO~TY.
* VISC - .131D.70*TADS**.6441D0
0 SWFTIS EXPRESSON FOR THERMAL CONDUCTIVITY. NPR NOT CONSTANT.
a KOASw0. O.OM* TABS**.6441D0
* NPR wVISC 0C?/ KGAS

SSPEED . 972.0 0 DSQRTCTA RS/ 273. 15M)
RETURN
ENID

*SUBROUTinE 7511? 00 COMPUTES F(1AMBDA) FOR PARALLEL SLrTS

suBROUTINE FSLIT(LAMBDA , RAM)

__3



COMPLEX*16 LAMB DAFLkMSORM!.ARGUM.CTANILAR
SQR.MI m (1.ODO, -LODO) I DSQRT( 2.ODO)
AR -SQRSG -LAMBDA
ARCGUM - CDEXP(-AR)
AR - AR i 2.1)
CTANH a (1.1)0 - ARGUM ) (1.1)0 ARGUM)
RLAM -1.000.- CTANH i AR
RETURN

*ENDe~e*eeeeeeee*..~s*ee.e.*e*eee~~~e

*SUBROUTINE FCYL 0... COMP11TES F(L4MBDA) FOR CYLINDRICAL PORES.

SUBROUTIN1E ICYWMBDA. * AM)
COMPLEX*I6 FLAM.SQRLCES(2).J.J 1,ARGUM,LAMBDA

N-2
SQRJ - (1.01)0.LOW) ; DSQRT( 2.01)0
ARGUM aiSQRI 0 LAMBDA
CALL DCBINS( ARGUM , N, CBS)
I0 -CB.S(I)
it -CBS(2
FLAM a 1.000-(2.0D00Ji)/(ARGUM O10)

RETUM
END

* SUBROUTINE FRECT 00" COMPUTES F(LAMBDA) FOR RECTANGULAR PORES.
* OPTIMZD BY RANDY ZAGAR. 21 NOVEMBER 1991.

SUBRO~tMNE FRECT(ASPECT LAMBDA. nAM)
REAL*$ PISQI ASPECT. ASPSQ
REAL01 DI X36. FAC. TMNQ4 ThM ThQA
REAL*$ TTERtM. SUM
DnTUM, K K SUMMAX
COhOUX916 SUM. FLAMK YMK YNM YMM
COMPLEV16 PACI, LAMBDA.' TRM
DATA PISQi9J69640644DOI
DATA PAC/6J7022364D-IJ

C
PACI a PISQ / (LAMBDA * (1.00 kS* n-
PACKR - DREAL(FACI)
PACII - DOIAG(FACI)

C
AS`3 ASPECT *ASPECT

SUMh(AX a 5i
SWM - (0m. 0,.00

C
--DO230Mw.1SUMMAX,2

X34 - DRO4AT(M)
xx* XM

C
TMMwXMb4(ASP3QI.LD0)
YM~l uDCMCPLX(I.DO-!PACt! *174K.PACK ROTIM)
SUM a SUM + 1.00 / (YMM X34 0 WM

C
DO 40 N wM+SUMMAX 2

XN- DPLOAT(N
X*wXN X

C
TMN a(ASPSQ 0 X + )
YMN . DCMftX(1.0D0 -FACI! ITMN, PACI R TMN)

C
TNM . (ASPSO 0 X 4 . XM)
YNM *DCMPWL.X1.00 FACI I I NK. FACIR *TNM)

C
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TERM -(I.DOiYMN + I.D0iYTTM) /(XM *XN)

TTERM - TERM * DCONJG(TERM
SSUM - SiY DCL)NJG(SUM)

C
* GUARAJTEE AC'CUR ACY FOR THE SUM TO EXPONENT/2- E.G. SUM =SUM .. ERROR
*-WHERE I'ý-EXPONENT/2 - E-RROR/SU.M. COMPARES ON THI-S LEVEL OF ACCUR kCY
0 wnx i*VYro.

IF TrTERM.LT. (SSUNW laD-1O)) GOTO 30
C

*SUN -SLM +TERMA
40 CONT24UE
30 ClONTINUE,

'F1AM -SUM * FAC

END

* SUBROUTINE FRECTO COMPUTES F(LAMBDA) FOR RECTANGULAR PORES.
* OLD SLOWER VRIN

SUBROUTFINE FRECTO(ASPECT, LAMBDA,. FLAM)
REALOS PWAPECr.ASPSQ
REALS FXN,XIWXAC
INIE M[,SMMAX
COMFPLEXI06 SUM.FLAM.YMNLAMBDAFACI

*SUMMAX MUST' BE AN ODD NUBR!!!!!!!!!
PI a 4.00O0 *DATAN(1.000)
FACI a PI * P1/ ( LAMBDA * ( .000 + ASPECT) )02
FAC w 6.ODO/P10!4
ASPSQ - ASPECT'I ASPECT
SUMMIAX -51

*SUM a (O.ODO. 0.000)
DO030?#mSUMMAAX.,-2

XW- DELOAT(M)
XMI XMoxm
r040 N-SUNMAXJ,-2
.,4- DFLOAr(N)

X- XNXN
YMN aI.DO +(0.DO,1.DM )*FACI *( ZSQXMl +XN)

40 SUM -SUM + LODOi' XM 0XN YMN)
30 CONTINUE

RLAM - SUM *FAC
RETUJRN
END

*SUBROUTINE QUAFAC COMPUTIES THE QUALMT FACTOR AND RESONANT FREQU.

SUBROUTINE QUAFAC(AMPYREQQJESFRE)
REAL*$ QREFRE.AM(2000).REQ(2000).MAXAMP.FREHAFAMPHAF
REALI AMP2C200)FREQ2(2000)XC(3),BL43)BU(3)IXSAL.E(3)

REAL*S XcVESS().FVALUEPSCALE(3),RPARAM(7)
DITEOR JRESJHALUMDATJCOUNT.NJSARtTJBTYPEJPARAM(7)
CO&QAON WQALM AMP2,FREQ2,NUMDAT
EXFERNAL RYNCI'l
N.3
EPARAM(1) -0
W1Y7Em0
LSTART-0
MAXAMP a 0.00
JCOUNr *0
DO 10i.I.200

IF (AMPQl). aT. MAXAMP) THEN
MAXAMP.AMP(J)
RESFRE - FREQUJ)
JRES a J
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END IF
10 CONTINUE

AMPHAF=MAXAMP/DSQRT(2.DO)
DO 20 3.1.000
IF (AMPJ) .GT. AMPHAF) THEN
FREWA - (FREQ(J)+FREQ(J-I))(2.DO
Q -, 0.SO 0 RESFRE / (RESFRE - FREHAF)
JHALF -
GOTO 30
END IF

::0 CONTrINUE
30 D040J.JHALF-1,JRES .(JRES--JHALF) +I3 ICOUNT - JCOUNT + 1

AMP2(JCOUNT) - AMP(J)
40 FREQ2(ICOUNT) - FREQ(J)

NUMDAT - JCOUNTa XGUESS~l) -MAXAMP
XGUESS(2) - RESFRE

DO5SO -1,3
XSCAL.E(J).1.D0
FSCALE(J)a1.D0

504J IBTYPE. DL 0 -5U
50BU(J) - XGUESSQ) * 2.DO

XSCALE, FSCALE, IAARARM C VLE
MAXAMP -XC(I)
RESPRE -, XC(2)
Q - XC(3)I, RETURN

~*******************SUBROUTINE FUNCTI FOR IMSL OPTIMIZATION

SUBROLTITNE FUNCTI(N. XC, RPASERR)
REAL*$ AMP20),FREQ(20),XC(3),RMSERRMAXSQFOQF

vNTEGERNUMDAT.J3 ~COMMON JQCALC/ AMPFRF.Q)UMDAT
MAXSQ - XC(1)0XC(t)
FO- XC(2)
Q - XC(3)I RMSERR - 0.DO
DO IOJalNUMDAT
F - FREQ(J)
RMSERR - ( MAXSQ/ (l.DO + (2.DOQ*(F.F0)/F0)o02)

* AMP(J)OAMP(J))002 + RMSERR

**********************SUBROUTINE GET LAM
.~*~****************LAMBDAft SUBROUTTNE GETLAM(DENS, VISC ,W. R. LAmBLA)

*REALS DENS~VISCR

CMLX6LAMBDA-K

* VERSION 3.0 FO R HELIUM BY PAT ARNOW1, 16 FEB 91
0 THIS VERSION USES RUNGE KUTTA SOLUTIION FOR THE DE INSIDE OF THE STA'C.
* TRANSLATION THEOREMS ARE I'SED IN OPEN TUJBE AND HEAT EXCHANGERS.
- W THE RADIAN FREQUENCY IS ASSUMED COMPLEX EVERYWHERE.
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SUBROUTrINE TAE(FMIN,F*M* A*X*NFREQFOEST
CJMPLEX' 16 W,IAMBDA,LAMBIDr.FOFW,FPLUS,SQRI.KA

*GENERIC VARIABLES SUCH AS PHYSICAL PROPERTIES OF TH-E GAS.
REAL'S SSPEEDVTSCCP.,NFRGAMMA,KGAS.KSOUDARES

0Z DEPENDENT ARRAYS-..
PARAMETER (N-5000)
REAL'S DENS(N),TAVE(N),TOZ(N\POROUS(N),DSUB(N),ZCOOR(N),Q2(N).
0 W~4N
COMPLEX*16 ALPHA(N),K(N),COMDEN(N).FLAM(N),FLAMT(N),Z(N),PI(N)
LOGICAL INSTAK(N)

0 VARIABLES WHICCH DEFINE THE TAE.
CHARAC7ERM7 SECI`YP(100),E`TYPE(100),TERMIN

5 INOTWEGE NUMLAY(100),NUMSECNUMFRU.LOTN
REALOS DELEM(100),TRGII(100),TLEF-( 100),RATIO(100),FRENEW
*.ASPECr(100),POROS(100),
* THCOND(100),HECAP(10O),PAMB,FREMIN,FREMAX,DDRIVF PAMBTM

* DEFINE SOME GLOBAL VARIABLES.
REAL'S P!,TWOPI,FMIN,FMAX
INTEER NFREQ

EXTFRA VARIABLES NECESSARY FOR RUINGE KUTTA EVALUATION OFmTE PROBLEM.
COMPLEX' 16 K1,K2,K3,1C4M,M1MZM3.M4,DPD7,DZDZTFUJN
COMPLEX0 16 ZErAALPRIMf,7JrrAR,SN,CS
REAL'S ThS.TNSMI,FOESTLEQUIV,RGAS4.SUM.OPL
INTEGER IJJUPJLwNVmFrNs
COMMON /PHYCONI GAMMANPR.CP
COMMON /VARS1/ SECT'YPETYPE.TERMIN
COMMON IVARS2J NUMIAYNUMSECNUMFRE
COMMON /VARS3/ DELZMTRGH.TLEFFRATIO.
* ASPECrPOROS~THCONDHECAPPAMB,FREMIN,Fr.EMAXDDRIVE
COMMON /OUTPLTF/ PIZQ2.W2ZCOORJISTAK

*ESTABLISH SOME OFTEN USED CONSTA?'TS
Pt a4JDo DATAN(l.1D0
TWOPI - 2.DO' P1
NPR -2.DO/-3.DO
GAMCMA a S.D0 / 3.DO
ROAS - 8.3143D 0 *1000.0Db / 4.D6~
CP - 2.5Db 0 8.3143D0 / 4.D-3
KSOLM - 0.16
SQRI - (1.DO, I.DO) / DSQRT(2.DO)

* GEI DETAILS OF THE TAB.
CALL SETVAL
ARES -F PI*RATIO(NUMSEC)'*2

'ErIMATETHE RESONANT FREQUENCY FROM 7ME LENGIM AND SOUND SPEED DIST.
ISUM-o.Do
OPt.. - 0.0
DO 1 J-INUMSEC
LEQUIV - DELEM(J) * POROSQ)

*L&QUI - DELEM(Q)
LSUM - LSUM +LEQUIV
SSPEED-DSQRtT(GAMMAPRGAS'TLEFrTQ))'(3.DO.TRGH(JYrtEi"TQ))4.DO

I OPL - OFL + SPEED'LEQUrV
IF)EST-OPL/=*D0'LSUM**)

' COUNT THE NUMBER OF BINS USED.....
NUMTO 0
DO 10J-1,NUMSEC

10 NUMIVT7 - NUM=OT+ NUMIAY(Q)
NUMIOT - NUMllOT. +1
FMIN-FREMIN
FMAX - FREMAX
NFREQ -NUMFRE
RETURN
AMIENT~ PRESSURE VARIA71ON IS HARDW[RED IN HERE.
ENTYTAE!(WFOFWFPIJS~PAMlr74)
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I PAIMS PANMEI
' GET THE SPECIFIC ACOUSTIC IMPEDANCE AND PRESSURE AT ALL POINTS.
0START AT TIE RIGHT AND MO VETO THE LEFT.

IF (TERMIN EQ. RIGIDI THEN
CALL VDCHE(rRGH(NUMSEC),PAMB,VISCDENS(NUMTOr),SSPEED,KGAS)
CALL 2RIGID(DENS(NUNMTT).SSPEED.V!SC,WZ(NUTY))

ELSE IF (TERMIN .EQ. TREE) THEN
CALL VDCHE(rRGH(NUMSEC).PAMB.VqSCDENS(NUWMcISSPEEDKGAS)
CALL GETLAM(DENS(NUMIXYT),VISC.W,RATIO(NUMSEC),LAMBDA)
CALL WJWBE(LAMBDA.W.SSPEEDJC(NUMTOM)

* ICA - K(NUMT0T) 0 RATIONUMSEC)
Z(NUMTOT) a SSPEEDODENS(NUMTOT)*KAQCAJ4.DO - (O.ODO.O.6D0))

ELSIE IF (rERtMIN.EQ. W"FTHN)T~
CALL VDCHE(TRGH(NMSEC),PAMB,V1SCDENS(NUMTOT),SSPEEDKGAS)
CAL.L GEFAMDENS(NUXMr()VISCýW,R.ATIO(NUMSEC),LAMBDA)
CALL FTUJBE(LAMBDA.FLAM(NUMTT))5 ~CALL WJTBE(LkBDA.W.SSPEEDK(NUM=O))
Z(NUMTOT - DENS(NM= 0 W / (FIAM"JTI (NUMT(I *

ELSE
STOPI ~PI(NUMTUtM - I.DO

- APPLY*1 THEDIPANCE AND PRESSURE TRANSLATION ThEREMS EVERYWHERE.L
0 WORK FROM RIGHT TO LEFT.

DO 40 I-NUMSEC,1,-I ~JUP -0
DO 50 J-I+1.NUMSEC

50 JUP -JUP + NUMLAYQJ)
UP - NUMMTO- JUP - II 31.0W - JUP - NUWLAY(I+ I

DSUBMJUP - DELEM(I) / NUMLAY(I
- ~POROUS(JUP - P0105(I)3 *!MPDANCE11ANSLATE FOR M OEN O IlUBE OR HEAT EXCHANGER SECTIONS.

IF (SECrYPQV~lPENTI7 .01. SECTYPI).EQ.IECH THEN
CALL VDOGHEI),PAMB.VISCW SQJUP).SSPEE GAS)
TAVE(JUF) - TRGW!)I' ~TMMUP - 0.ODO

* ~~ALPHA(JUP - (O.DOODO
CALL GETAM(DENS(JUP)VISCW.RATIO10.L4MBDA)
LAMED? - DSQRtT(NPR) * LAMIBDA
IF (SECTYP(D).EQ .VPENTE) 11{2E4S ~CALL FFUBELAMBDAFLAM(JP))
CALL FTUBE(LAMBDTFIA~iJT(JUP))
CALL WNTUBE(LAM3DA WSSP=E,K(JP))

CALL MYL(LAMBDAAALM(UM))
CALL FCYL4AM]DTXAM(JUP)
CALL WNF(JU)FLAW(IM(JUP)W~SSPEDK(IUP))

* THERWISETHE TUBE SECION IS A HEAT EXCHANGER. AINDFTS GEOMETRY.
ELSE IF (SECTYp(I).Q.JEcH')THE
IP (ErYPE(I),EQ.2ECr) THEN

CALL PlREC(ASPECF(I),AMDAF.LAM(IU))
CALL FRECr(ASCMBADTFLAMr(JUP))

ELSE IF (ETPEI).Q M)L THEN

CALL CYL4AMBDAFLAMQUP))

CALL FSUT(LAMB3DAFLAMQP))
CALL FSUT(LAMBDTLAMT(MU))

AN ERRORONHM O~YETHSCtR

ENDIF-

39



* ~~COMDEN(UPM=DENSOiUP)'FLAM(JUP)
* ZDI4T.COMIDEN(JUP) 0 W/ ( K(JUP) POROUS(JUP))

AR - K(IUP) * DSUB(JUP)
SN -CDSIN(AR)5 ~C -CDCOSAR)
DO 60 J=JUPJLOW,- I
INSTAK(J-.FALSE.
DENSJS)-DENS(JMP
TAVE(J)-TAVE(JUP)ITMt7) -= UP
POROUSQJ)-POROUS(JUP)
ALPHA(J) - APAJP
FL4m() - aL4(jup)I FLAMT(J) - FLAMr(JUP)
K(J) i- K(JUP)
COMDEN(J) - COMDEN(JUP
DSUBQJ) - DSUB(JUP)I CALL ZFTRAN(ZINTSN,CSZ(J+I).Z(J),Pl(i+I).PIW))

60 CONT94UE
ELSE EF (SECM EQ.VTACKI THEN

*IMPEDANCE TRANSLATE FOR THE STACK SECFONS.I NS -0
DO 70J-JUPJLOW,.1

U4SAJC(J)-.TRUE.I NS a NS + I
TNSV-E(J) D =(ThS.ThSMI)12*.DOOA(N

* / DFLOAT(NUMLAY(I))

POROUS(J) - POROLJSQJUP)
DSUB(3) - DSUBQJUP)
To=(i - TM(JPM

*SrARTTHERUNCE.KUIA
CALL srAxPM(KryP()W~POROUS(J).PAMB,TNSMI.Tc=),nENS(i).
2 RA11OMr)ASPCT(D.FLAMq),RAhMTQ)=A.ALRhZUWM I
CAL.LDERIVS(rZEFFALPIRhI(3.I).Z(J.I),DPDZDZDZ)
Kl -a-DSUB(J)*DPr1Z
MI - -DSLIBQ])D
PIlQ) Pl(i+I) + K112.DIZQJ) *Z(Jhl) +M12.DO
CALL STAKPM(ETY=E1)WPOROUS(J).PAMBTAVE(J)T=ZJ),DENSQJ).
2 RATIOQ),ASFF(DFAM(J),FLAM(J)TAALPRM.ZIN£ ~ ~CALL DLMIVS(=rA=T.ALYRWIMP(J).J).DPrMD==
K2 a-DSUB(J)ODPE2
M2 - -DLYUB(J)*DZ
PI(J)- Pl(341) +K2i2.bO

IZ(J) a Z(J+l).+M3a
CALL DEUlVS(Z~rAFZNALPRMPI(JZJ),DPEYZDWZ
K3 - -DSUB(JP*DPEY

5 COMDEN) (J+)-D + )/L4M J

CALLIA3 DEV~ALPRIMDI.JZJ.DDDZ

70 -DSUBJUE PD'£ DU()DD
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ELS
I * AN ERROR ON INPT OF SECTrYP HAS OCCURED.

SmpW
END IF

40 CONTIUE1I ~ ~ TH4E IMPEDANCE IS NOW KNOWN AT AU..SPOTS IN THE TAE.
* GET THE ACOUSTIC PRESSURE. ZCOOR. WORK AND HEAT FLUXES.
0 ZCOOR(1) - 0.O1DO

IF (TERMIN.EQ.lNFINj THENITFUN I .DO /PI (1)
ELSE

TFUN -(O.DO,-I.DO) 0 W 0 Z(1D * DDRVE i P1(1)UEND IF ! TERMIN.EQ.INFIN' CONDITIONAL
5 Pl(1) - TFUN * P1(1)

* CALL WFLOW(PI(1),Z(1),W2(I))
DO 90i-INUMOTI
PI1(31) a P1(3.1) 0 TFUNI ZCOOR(J+I) - ZCOORQJ) + DSUE(J)

0 CAML WFLWW(P1(i4.IXZ(Ji1),W2(J,1))
0 CALL. QFLOW(POROUS(J).PIQJ).ZQFIAM(J),FLAMTIV),W,
*I DENSQJ).T0Z(J),KGASKSOIDQ2(J))

; J NUM~rJT.I
*CALL QFLW(0ROUS(J).P1(J,1),ZQJ+I)FLAM(J),FLAMT(J),W,3 *~DENS(J)3(MJ)JCGASSUDQ20(UMTOrT))

*Q2(J) - Q2QJ) ARES
*81 W20J) .W20J)0A.RES
-THE SIGN OFZ(1) WAS CHANGED ON 8-12-91. THE IMPEDANCE LOOKING TO
-THE RIGCT HAS TO BE EQUALTO N(INUS THE IMPEDANCE LOOKINGTO THE LE~r
*AND THE MINUS SIGN COMES FROM THE DIRECTION OF~ PARTICLE VELOCTIY

FOFW - SQRI * CDSQRT(DENS(1)**3 0 SSPEED*04 0 NPR / (W*VISC) y
0 (GAMMA - 1.M + A(I)

FFLUS - FOFW - 2JDO 0 AD1

"" SIJ3ROtnCHANGLWUED M W FA NIMB~ltMA UNE OF A

SUBROUTINE CHANGE(FNUMLNUM.TO
DnWEGER FNUTMJ.NLW~

CHARCT~*80LINE

ft OPEN(VILE-SCRATCH)
REWIDW)
REWDO(FNUM)
DO 1Oi-imI00
REAlDFNUMJf4 LINEI (JNEINUMTH

WREMI3) LINE

WRr=E*) TO

RDEND m4 IFN
10 WONTI(NLM1)LNI 4~0 ENDFUE 3NU

REWINDW)
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REWINDWFNUM)
RETURN
END

PROGRAM: EVALUATE TAE FOR A RANGE OF PARAMETERS.
* VERSION EXPUICITELY FOR THE UMTAE.
*PAT ARNO1T. 22 MARCH 1991. MOD 11-15-91.

I DET-cMINES THE STABIInr CURVE FOR THE FIRST TWO MODES AS A FUNC1ION
*OF THE AMBIENT PRESSURE. INCLUDES FINITE WALL POROSITY IN THE STACK.

PROGRAM UMTAE2
* VARLABLES USED TO GETTHE Q

REAL*$ AMPUT(200).FREQU(2000),QUAL.RESFRERESOLD,QOLD

REAL*S FREMIN,FREMAXJOEST

0LOCAL VARIABLES TO THE MAINLINE ............

- ~~REAL*STRGH.TNSETPTWOPITEST.TESTTNO-DTNOLD2
* I~~~tEGER fRCH.PLOTNIFREQNTIME.NPAMBSNRESMODE
U COMPUX16 WWNEWFOFW,DFOWJFWPEWPEW,EPSIL

COMPLEX#16 FPLUSDUMB3WMEW,FOFWMEWCOKRWSTARtT
*DEFINE THE VARIABLE FOR THE OUTPUT COMMON BLOCK.

PARAMETER (N--MSO0
REALOS q2(N)W2(N)ZOtOR(N)
C!OMPtEX 16 Z(N),PI (N)
LOGICALINTMC(N)
COMMON /ourpuri PtZ..Q2.w2.zcooRINgrAK

0 PRELIMINAR.IES.
PI a 4.DO 0 DATAN(1.DO
TWOPI o 21D0 0 PI

0 SET UP THE AMBIENr PRESSURE L.OOP--'...I ~PIM4 - 2A=0
PMAX - SAW

PU-DSQRT(WMMN
PMAX - DSQRT(MAAX)I NPAM]SSI6

*SET UP THE MODE LOOP.____..........
DO 18 MODE-=
IF (MODE.EQ.2) THEN

TMU4 - 603.DO
TMIN - 403.DO

ENDIF
DO 17 NPRESSa 14,NPAMBS'

5PAMB -MN+(PMAX-PTA1*) DFLOAT(NRE=) DFLOAT(NPAMBS)
PAMB * PAM[BOPAMB'

*HOP ON 11E ID.4PATUR.ECAI.CUtATIONS-
DO 10 fTRGHo[NT(MAM)1593,2O

EPIL. I .D4

CALL CHANGE(Z28.1TRGH)
CALL CHANGE(231,TRGH)

CALL TAE( RI4FREMNYeAX.NUMFREJFOEsn
PJEST -FIOESSTD0FLOAT(MODE)
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3 WRITE (0.111) R)ESTIII FORMATC RESONANT FREQUENCY ESTIMATE FROM OPL ,F9.3)
0IF(PLOTNNE.1) FREMIN-=RESFRE-(I.DO-0.5DO/QUAL)

-STARTTHE COMPLEX EIGENFREQUENCY ALGOR~ihM WITH THE DRIVEN SYSTEM Q.
IF ((QUALLT.200.DO)AND.((QUALGT.O.DO)AND.(PLOTN.LT.7))) THEN
DO 100 FREQ-1,NUMFRE

FREQ -FEII FREQ - FREMIN +(FREMAX-FRENMON)DFLOAT(IFREQyDFLOAT(NUMFRE- 1)
END IF
FREQ-FREQODFLOAT(MODE).
W .TWOPI 0FREQ
CALL TAEI( WFOFW,FPLUSPAMB)
AMPLIF(9FREQ)-CDAESI(PI())

100 FREQU(IFEQ) - FREQ
*GETTlE Q AND RESONANT FREQUENCY USING THE CONSTANT AMPLIT DRIVER
*RESPONSE.

CALL QUAFAC(AMPLIT.FREU,QUALRESFRE)
WRITE (29.1010) RESFREQUAL.TRGH-293.D0
WRITE (27,') TRGH-293.DO,.1D&QUALI. ~WRITE (28.0) TRGH-293.DOREFRE
WRITE (0,1010) RESFREQUAI.TRGH-293.DO

1010 FORMATC ROTE. RES FREQ--.F9.3, Q' F93, DELTAT-,F93,- KI
ELS ! LINEARLY'WIMLATETO GET A START FOR QUAL, AND RESFRE.I * -IJQUAL AND REWUR ARE ASSUMED M BE LINEAR IN DELTA T.
QUALm I DOOLD <QOLD.QOW2)(TRGH-TOLDy/((MOD2TOLD)OQOLD2*QOLD)
QUAL, -I.DO /QUAL
RESFREm RESOLD + (RSOL-RESOL.D)(TRGH-TOLDY(rOLD2-TOLD)S ~END IF! THIS ENDS THE INIIAL SEARCH FOR A START Q AND RESFRE.

- NOW GETTH COMP¶.M EJOENFREQUENCY FOR COMPARISON.
* IUL~ GUESS FO)R HE NEWIVNSTEOINWMU OF ROOT DETERMINATION.

W a TWOPI 0 REMFE 0 (I.D0 - (O.DO05DO)IQUAL)I, WSTA~RT W
IP (((MODLBQ.2.AND.(PWTHr.NLI)).OR4MODB.EQ.1)) W - W *WCORR
WRYI1 (0.0) DREA14YrWOPL-DREALAWCW)~2D0DIAG(W))

110 CALL TAEI(W.FOFWPF LUSPAMB)
NThRThESONBS11
WPEW - W * (I.DO + EPSEL)
WMEAW-WO(1.D-EPSIL)
CALL TAE1( WPEW.FOFWPE.DUMB.PAMB)I ~ ~CALL TAE1( WMEVWJVWAE.DUMBAMB)
DFVFW - (FOFWPE -FOEV/ME)/ 2D EMSI)
WHEW w W -'100.O 0 FOFW / DFC*W
EMS - (WEW - Wl)2D.4/(WHWW)I.*TEST a CDABS((W#NEW-Wy(WNEW+W))
TESTF - CDABS(F(*W/FPLUS

* 17((TESrTOF. D.4) .01 (TESTF .0?. 1..4)) THEN
IF (TUTF .GF. 1.D.5) THEN'
W. WHEW

ELM - I CO = EJENFREqUNCY HAS BEENTVUNI1

WRrTE (*.) NflMES
W/RITE (0.0) FUFW

END IF I TFS.GT. OR ITESOTF0 CONDITONALI * GEFTTE Q AND RESONANT FREQUENCY.
RESPRE - DREAL4W)I TWOPI
QUAL - -DREAL(Wy2.D * DIMAG(W))

3 WRITE (39,1011) RESFREQUAL.TRGH-293.D0,PAMB,'9 ~WRITE (37,0) TRGH-293.DO,.DO'QUAL
WRITE (38,') TRGH-29.DORESFRF.
WRITE (0.1011) RESFREQUAL. RGH-293.D0,PAMS
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1011 FORMAT( EIG: F0,F9.3, Q',F9.3, Dr,F9.3, K,',PAMR'.FIO.2)
DETERMINE IF ONSET HAS BEEN ACHIEVED> IF SO, GET DT AND RESFRY, NEXT?

IF (PLOTN.EQ. 1) THEN
RESOL.D -RESFRE

QOLD = QUAL
TOLD -TRGH

EL~SE
IF (QOLýDQUAL.LT. OMMO THEN

* INTERP~OLATE TO GLT THE ONSET DELTA T.
TONSET - TOLD.+ (TRGH - TOLDY(1.DO - QOLDVUAL)
WRITE (44.*) PAMBTONSET-293.DO,MODE
WRITE (*,1 117) PAMBTONSET-293.DO.MODE

1117 FORMAT(' AMBIENT PRES ',FIO.2.' ONSET DELTAT,F9.3,' MODE,13)
G=TO17

ELSE !RESET OLD PARAMETERS TO NEW PARAMEi'TERS.
RSOLD2 - RESOLD)
QOLI= -QOLD
TOLD2 -TOLD
RESOLD - RESFRE
QOLD - QUAL
TOLD a TRGH

EN4D IF I ONSET CONDIITIONAL
END IF ! PLCTNEQ. I

10 CONTINUE !TEMPERATURE LOOP INCREMENT
Th01D2-TNOL.D
TNOLD-TONSET

17 CONTFINUE !PRESSURE LOOP INCREM]DfT
18 CONTINUE IMODE LOOP INCREMCENT

MAINLINE USED TO COMPUTE THE RESONANT FREQUENCY AND
QUALITY FACTOR CURVES.

* PROGRAM: EVAWUATE TAB F40R A RANCE OF PARAMETERS.
* VERSION EXPaICH.Y FOR THE UMTAEL
0 PAT ARNOTT. 22 MARCH 1991, MOD, 11-15-91.
0 DETER1.Z4ESTHE STABILMI CURVE FORTHE FIRSFTTWO MODES AS A FUNCTION
0 OF1IlE AMB IET PRESSURE. INC.UDE FINTT WALL POROSITY IN THE SrACI.
*PROGRAM USEDTO DETERMINEnMH Q AND RESIFRE OF TIE UMTAE VS TEMPERATUYRE

PROGRAM UMTAE2
-VARIABLES USEDTOD C`T`THE Q.

REAL*$ AM GfO). REQU(200QU4L.RESFEESOLJDQOLD
REL*L$ QO=TLDZRSOLDT0LD

* VARIABLES RETURNED FROM TAE.
R.EALS8 FREMINFRBEAX.JOEST
INTEGER NURE

* LOCAL VARIABLES TO THE MAINUNL.--........
lEAL*t PAMB.PMENP.MAX.TMIN
REAL*$ TRGKT0rJ¶.TW0PlL1Sr.TESTP,TNLDTNOLra
2?fE rMGHYLPAMREBTWENPAMS&RESSMOOE
COMPLEI6 W.WNEW.FOFW.DIFW,1OFWP!,WPEWEPSIL
COMPLEX016 FPLUSDVMB.WMEW.FOFWME.WCORRWSTART

* DEFINE THE VARIABLE FO)R THE OUTPUTF COMMON BLOCK.
PARAMETER (N-5000)
REALO3 Q2(N),W2(N)=ZOR(N)
COMPLEX4 6 Z(N),PI(N)
LOGICAL STAXMW
COMMON /OAETPýY/ PI 7QZWZZCOORINSAK

* PRELMAINARIES.
PI- 4flO * DATAN(1.DMM

TWOPI - 2.DO 0 PI
* SET UP THE AMBIENT PRESSURE LOOP__...

PUIN -1.73D5
PMAX -1.73D5
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TMIN -293.DO

NPAMBS-1
,SET UP THE MODE LOOP............

DO 18 MODE-Z,2
DO 17 NPRESSm 1,NPAMBS

WCORR - (3151,633 184D0,-67.8174943D0)1(3 1S2921237D0,-66.734D0)
PLO'TN a 0
QUAL.30.DO
PAMB - PMIN +(PMAX-PMI4N) 0 DFLOAT(NPRESS)I DFLOAT(NPAMBS)

HOP ON THE TEMPERATURE CALCULATIONS_.
DO 10 ITRGH.INT(T`MIN),1593,_20
EPSL - I.D-8
NTMS-0
TRGM - DFLOAT(ITRMH
CALL CHANGE(2.28,TRCH)
CALL CHANGE(2.31,TRGH)
CALL CHANOE(2.56,TRGH)
CALL CHANGE(2.59,TRGH)
CALL CHANGE(2.84,TRGH)
PLOTN - PLOTN. 1
CALL TAE(REINRR4AX.NUMEOEST)
FuEST -a IFEST*DFLOAT(MODE)
WRITE (*.I11) FOEST

II1 IVRMATr RESONANT' FREQUENCY ESTIMAATE FROM OPL',F93)
IF (PLO~bMI.) FREMIN - RESFREO(1.DO - 0.SDO I QUAL)

*SrA XT IW C00 WM S-wEN R Ea ANCY ALC 0RmMN WITH 11 E D RlVE N S YSTrEM Q.
IF~ ((QUALLT.20.DG)AND.(QUALGT.0o.D)) !-E
DO 100 IFREQ- I.NUMFRE
IF (NUMFRE.EQL 1) THEN
FR.EQ - FEI

FREQ . FR&IIN *(FRE(AX-FR&4IMDF)DLOAT(IFREQyDFLOCAT(NUMFRE- 1)

E-FRBQODFOAT040
W a TWOPI 0 FRBQ
CALLTAEI(W.F0FWPPLPAMB)
AhWUFjPREQ)inCDABS(PI(1))

100 FREQU(IFREQ) - FREQ
GETITH Q AND RESONANT FREQJUENY USMN THE CONSTANT AMPUJT DRIrfl
RESPONS&

CALL QUAFAC(AMPUT.FREQU.QUAL.RESFRE)
wt (29,1010) RESFRE.QUAL.TROH-293.DO
W~M(27,0) TRGH-293.D0,.D0O/UAL.MODE

W~%(28,0) TRGH-293.D0,RESFRE.MODE
WR'(0,010REFRE.QUAL.,TRGH.293.D0

100FRMATC ROTE. RES FREQ-!.F.3. Q-.,F.3,' DELTAT'.P9.3, K)
ELMI I LMNARLY WNERPOLATE TO CZT A START FOR QUAL AND REF

* 1AUAIE AND RESRE ARE ASSU&MTO BE LINEAR IN DELTA T.
QUA~ul!V~W '+(Qta 1 q" '(TRGiIToLD)X(ID2-OW*QOL=*QOLD)

G;; REOL+ (SLMRES.1DWT`)R-LD)MD2T0Lb)
END TP!'THIS ENFW THE MNTAL MEARCH FOR A START Q AND REM~E.

*NOWdETTHE CXMML EJGENFREQUNCY FOR COMPARISON.
TIGUS FORs RTHE NEWVMNISTE1e4IQUE OF ROOT DETIMJWNATION.

IF D(40.EQ.2).AND(QUALGT.100.DO).OR.(QUALLT.0.D0)))
* HNITHE ROUTINE IS OK FOR THE HIGHER MODE_. GO AHEAD
WPI 0 RESFRE * (1.DO0- (0.OD0,.50)QLAL)

IF(((N4ODEEQ.2AND.(POfl.NE.)).OR.(MODE.EQ. 1)) W *W *WCORR

WRI.(,)DREAL(WVTWOPL.DREAL-Wy(2D0DIMAG(W))

WPE~f-W W*(1.DO *EPSU..)
WME{7.- W (1D0 - EPSIL)
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CALL TAEI(WPEWFOFWPUUMB,PAMB)I ~CA-LL TAE1(WMFWFOFWMEDUMB,PAMB)
DFOFW -(FOFWPE - FOFWME) / (2.DO 0 EPSIL)
WVNEW -W - I00.DO FOFW / DFOFW
EPSIL - (WNEW - W)ZD-4/(WNEW+W)
TEST.- CDABS(CWNEW-WV(WNEW+W'))

TESTF - CDABS(JFW/FPLUS)
IF ((TEST .GT. I.D-4).OR. (TESTF .GT. I.D-4)) TH-EN
IF (TESTF .GT. I.D-5) THEN

ELZZ COMI EIGI;NFREQLTENCY HAS BEEN FOUND.

W - (W +WE)/ ZD'I WCORR -W / WSTART
WVRflE ()NTImEs
WRMT (FORFW

END IF ! TEST.GT. OR I ES .T CT ONDITONAL.1 GET THE Q AND RESONANT FREQUENCY.
RESPRE . DREALMW / TWOPI
QUAL - -DREAL(W)'(2MD - DIMAG(W))
WRITE (39,1011) RESFREQUALTRGH-293.DO,PAMBI ~WRITE (37,0) TRGH-293D0,1.DO/QUAL.MODE
WRITE (31.') TRGH-293.DO,RESFREMODE
WRITE (0,1011) RESFRE.QUAL.TRGH-293.DO.PAME

1011 %ORMATC EIG: Fq7,F9.3,' Q',9.3,* DrtF9.3,' K,' PAMB*,FIO.2)I DETERMINE IF ONSET HAS BEEN AOIIEVED: IF SO. GET VT AND RESFR.E. N.EXTP
IF (PLOTN.EQ. I) THEN

RESOLD - RESFRE
QOLD QUALI TIOLD -TRGll

ELSE
* IF (QOLDOQUAL .LT. 0.OM THEN
* NTUPCLATETOCErTlIE ClSETMLTAT.I. * TONSET - TOLD + (TRaH -TOLLMDO1l- QOLDIQUAL)
* WRITE (44,0) PAMTONSET-293.DOODE
* WRITE (0,1117) PAMS.TONSET-293.DOMODE

'1117 FORMATC AMBIENT PRES *,FIOZ. ONSET DELTAT.F9..3, MODE*33)I * 00T017
ELSE ! RESET OLD PARAMETERS TO NEW PARAMETERS.
R.SOLD2 - RESOLD
QO= - QOWDI TOLD2 a TOLD
RESOLD - RESFRE
QOLD -QUAL
TOLD MTRGll

* ND IF I ONSET CON4DITIONAL
ENDIF PLCTN EQ. I

ENDIF, I CONDITIONAL ON MODE.EQ.2 AND Qý, I100
10 COI'TMhJU I TEMPRATURE LOOP DICRDAENT

ThOLD2-TNOLD

17 CONThINUE I PREMMR LOOP INCREMENT
18 CONTY.NUE I MODE LOOP 04CREL'AF2T

END
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1 acoustic
H- -* d j driver

hot TAE cold
heat (or heat

a) exch stack) exch

I exposed view of a thermoacoustic element

z

c)

single. arbit-ary-perimeter tube of a thermoacoustic element

Figure 1. a) Generic arnwgement used in tIk.ermoacoustic heat engines. b) An rposed view
of a thenmoacoustic element consisting of a parallel combination of square capillary tu'bes.

c) A single arbitrary-perimeter capillary tube for use in a thermoacoutic element.
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y 2a
2a

x
a) b)

42a
x 2b

c) Yd)

Figure 2. a) ParCel plate, b) circular, c) rectangular, and d) equilateral
bianguLar capillary tube geometries
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a)
SMALL AT: HEAT PUMP

TO-AT TO To+ AT

dW 2.38 dW

dQ' dQ

LARGEAT: PRIMEMOVER

T- AT TO To + AT

dW' dW

dQ' dQ

Figure 3. Iagrangian view of a fluid parcel in a standing wave near a boundary.
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Figure 4. Magnitude and phase of the excess temperature between parallel plates.
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0.5 _ _ _ _ _ _ _ _ _ _ _ _

circular.•. I1 -- -- square .

[ - -/ - parallel plates
U.. -equilateral triangle

boundary layer

,- IMAGINARY PART
I I

-0.5I
. . . . . ..I ,,, . . ... I I ' , I ... .. , .I . . I . . .

0 2 4 6 8 10 12 14

Figure 5. Real and Imaginary part of the F,() different pore geomets.
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'C THERMOACOUSTIC
PRIME MOVER

L =20.96 cm

R=4.32 cm

0 0O.74 L 1.638 cm R =1.65 mm,
Q3 02.73 L=4.020Ocm R=O0.77 mm
92 0.74 L=1.610 cm R =1.65 mm

L =44.45 cm
UR R=4.32 cm

]MIC I

g MIC 2

SPEAKER

Fig=r 6& Demonstaton thennoaoustic oscillato and anaysis impedance tube.
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0 dtiatian ipdn

-10
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FREQUENCY (Hz)

Figure 7. Real pant of the, specific acoustic impedance at the mouth of the prime mover.
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200

S100

0
z radiation impedance----------------------------------

o - AT=OK AT220K, 0

~-100
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Figure 8. •maginary part of the specific acoustic impedance.
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I 140

U
U
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0100,7,
* Ioo~ 1 .1

AT =209 K

80 
AT= 176 ,K

200 400 6005 FREQUENCY '(Hz)

I

Figure 9. Prime mover sound spectrum for onset T,-a 176 K and a higher AT - 209 K.
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Figure 10. Prime mover sound spectrum for AT - 209 K in moUth, 5.7 cm inside prime mover.
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FUNDAMENTAL: 116 Hz

140

S-5.7 cm

=L- 17.2 cm
0120O 34.3 cm

o ' 68.6 cm.

cn 100

80
BACKGROUND LEVEL: 75 dB'

200 400 600 800
FREQUENCY (Hz)

Fig=~ 1I., Spectral peaks as a function of distance from the mouth of the prime mover.
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I
SCALE DRAWING OF UM TAE:

R = 4.231 cmI L = 23.07 cm R = 1.118 mm
L = 1.814cm
-,= 0.64

3R =0.77 mm
L = 5.08 cm

0 =0.69

R = 4.261 cm R = 1.118 mm
L= 129.0 cm L= 1.638cmI ,,-0.995 0.64

I ~DEFINITION&:
R - 2 pore area / pore perimeter

* L - length of section
,,-porosity of section relative to the largest
area element, the hot end in this case.
Pore cross-sectional shape given by the
indicated figure.
Hot end is brass.
Heat exchangers are copper.
'Stack is ceramic with steel boundary.
Cold end is aluminum.
DESIGN CRITERIA:
Try to achieve a minimal IT for onset of
acoustic oscillation for 3 atm ambient
pressure and helium gas.

Figure 13. Scale drawing for the fundamental and first harmonic for the U A TAE.
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I 700 -U

I 600

500 1st harmonic

(200 KPa, 455.4 K) stable
I 400

I 300

200 fundamental
* unstable fna nt

(173 KP. J54.6 K) . stable
200000 400000 600000 800000

AMBIENT PRESSURE (Pa)

I

Figure 14. Stability curves for the fundamental and first harmonic for the UM TAE.
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I 0.00

-0.02
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0 200 400, 600 800 1000 1200
AT(K

7600F

Cr
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I 0400,-
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I0 200 400 600 800 1000 1200

AT (K)

Figure 15. a) Quality factor, b) resonant frequency for UM TAE with ambient pmesure 17.3 kPa.
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